
Jak Chakhalian, Sept. 2023, Julich
Lecture given at  the Julich Autumn School on Orbital Physics in Correlated Matter, Sept 2023

Jak 
Chakhalian 
Laboratory  for Artificial 
Quantum Materials 

Rutgers University 

Strong Correlations at Oxide Interfaces:  
What is hidden in a plane view?



LABORATORY FOR ARTIFICIAL QUANTUM MATTER AT  RUTGERS
Tsung-Chi WuMichael  Terilli Chong Chia

Liang Wu 
Xiaoran Liu

Fangdi Wen

Denis  
Vasiukov

JC
Olga 

Maximova
Misha  
Kareev

FORMED IN 2016



Jak Chakhalian, Rutgers

 What are quantum materials (QMs) ? 
 What “knobs” do we have for  controlling  synthetic quantum matter  
(SQM) ? 
 QMs designer toolkit: 

 Epitaxial stabilization 
 Solid Phase Epitaxy (SPE) 
 Defects 
 Polarity and ways to compensation it 
 Geometrical  lattice engineering 
 Strain 

 Selected examples - 2D spin and orbit polarized metal and synthetic 
Quantum Spin Liquid

3Topics I  plan to covered
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  What are  
 quantum materials ?
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Emerging complexity

5

Emerging phenomena in quantum  matter
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POLAROID



Jak Chakhalian, Rutgers 7

Marcel Proust

`The real voyage of discovery consists of not in seeking 
new landscapes but in having new eyes.’
In Search of Lost  Time

Rational approach to materials design
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 Broken symmetry means the appearance of an ordered phase with a non-zero order parameter
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  Landau  `recipe’ of getting  
 new collective phases and states ➞

The sudden disappearance of an element(s) of 
symmetry in one phase leads  to the   occurrence of a 

phase transition into  a new phase of  lower  
symmetry. 

Goal: Assume control over symmetry breaking  ≡  Devise new designer phases

 Lev Landau 
 Nobel prize 1962
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Randomly doped 
bulk crystal

Ultra-thin superlattice

interface unit cell

bulk unit cell

Interface Controlled Quantum Material 
(ICQM)

ICQM is 
 A material that has no bulk unit cells 
 Properties defined by interface/surface  

 Possess emerging quantum state 
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strain due to lattice mismatch
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11Anatomy of an interface

JC et al, Rev. Mod. Phys. 86, 1189, (2014) 

Interface is a tool  
for breaking symmetries 

Emergent 
 quantum states 
 energy scales 
 length scales 
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Doping 
Pressure 

Magnetic Field 
Polymorphs

Bulk crystals

Charge transfer and Electrostatic gating 
Strain 

Magnetic field 
Designer lattice symmetry 

Quantum confinement 
Interface 

Enables latent interactions 

Interface controlled  
quantum materials
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Growth of complex materials is  still poorly  understood on 
the atomic level ➔ The existing knowledge is largely 
phenomenological,  often intuition based. 

Modern day `quantum alchemy’. 

For complex matter atomic theory of nucleation and growth 
does not exist and unlikely (?) feasible in the near future. 

Corollary ➔ Every non-trivial new quantum material (bulk 
and film) often requires months or years of “alchemy” work. 
This work more often than not is based on experience and 
luck. 

13

Why creating new quantum materials is hard ?
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 Designer’s toolkit 
 for making  
 synthetic quantum materials
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Why do films grow far away 

outside of their thermodynamic 

stability range ?

Epitaxial Stabilization 101 
or
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Thin Film Nucleation, Growth, and Microstructural Evolution 557

Figure 12.2: Schematic representation of strain-driven Stranski–Krastanow ‘quantum dot’
formation above an initial wetting layer. Here, the film lattice constant is larger than that of the
substrate (i.e. af > as) and the layer is under compressive stress σc.

Figure 12.3: Schematic representation of processes leading to nucleation and 3D (upper right)
and 2D (lower right) film growth.

this is  our goal  
layer-by-layer growth 
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How crystals grow and why  films are not thin  bulk crystals

Formation of a solid spherical  crystal inside homogeneous liquid: 

In modern literature the critical size r* is represented as I* in units of atoms

For the critical radius,  the critical  energy barrier to  the new phase:

Gibbs energy
free energy per volume <0surface >0

(2)

(1)
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For practical purpose we better use the equation from the 1st and 2d laws of thermodynamics :

Here and is known as supersaturation 

From the kinetic equation we can get flux:

Example of Au growth on NaCl (100) surface
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A paradox of thin film growth or why films are not crystals

Consider EuNiO3 perovskite 

Bulk EuNiO3 synthesis requires  
T>1400 oC and P>100 Bar (<50 micron in size) 

But we grow EuNiO3 thin films at T=600-700 oC and 
P=1.3*10- 4 Bar (5 mm x 5 mm in size) !!?

Q: How is it possible at all ?
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Growth of single-phase films can occur under 
thermodynamic conditions (PO2 - T) where a 

compound as  
a bulk material  is thermodynamically unstable

ES /epitaxial stabilization/ is an extension of the P - T - x space of the thermodynamically stable 
epitaxial phase with respect to the bulk phase  or the phase which  is free from the interface

Gorbenko et al, Chem. Mat. 2002, 14, 4026 and  A. Kaul et  al, Rus. Chem. Rev. 73 (9) 861 (2004); Novojilov et al, APL, 76, 2041, 2000 

If interface is coherent ➞ a dramatic decrease in contribution to the free energy from the    
film/substrate interface.
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RNiO3 ↔ R2O3 + NiO 
or more generally  

ABOx ⇔ AO + BOx-1 + O2

Phase composition of polycrystalline thin films is 
the same as predicted by bulk phase diagrams.

Why  do the films grow ?
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Question: Why  do  the films grow outside of phase diagram conditions ?

Answer: Because of epitaxial  stabilization  
meaning 

If 2 or more chemical phases compete during the nucleation  
the phase with lattice most coherent to substrate wins. 

  
Films, unlike crystals, are metastable phases.

A recommended  review: 
Gorbenko et al, Chem. Mat. 2002, 14, 4026 
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0.39 nm in height

SrTiO3 substrate

AFM  image

(SrTiO3)10/(LaTiO3)1

Superlattice

SrTiO3 substrate

TiO2

Atomically  flat surface
Rough as-received 
surface
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A: In-situ `eyes’ for thickness and 

symmetry  

RHEED = Reflected High  

Energy Electron Diffraction

movie courtesy of D. Blanck,  U. Of Twente

Q: How do  we know how 
atomic layers we grow ? 
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Laser MBE deposition sequence (not a simulation!)

Movie courtesy of  University of Twente, D. Blank group

After  a series of laser pulses 
an AFM scan is performed
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What is  
strain ? 

and how to use it
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When two  dissimilar materials are clamped across interfaces

26Strain defined

Structure Distortion in Perovskite Oxides 

J.(M.(Rondinelli(and(N.(A.(Spaldin,(Adv.%Mater.%23,(3363((2011)(
A.(M.(Glazer,(Acta%Crystallogr.%Sect.B(28,(3384((1972)(

D.(G.(Schlom(et(al.,(Annu.%Rev.%Mater.%Res.%37,(589((2007)(
J.(H.(Lee(et(al.,(Nature(466,(954((2010)(
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1% strain = 2 GPa

Negative pressure ?
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Geometrical lattice engineering of complex oxide heterostructures: a
designer approach to emergent quantum states

Xiaoran Liu, S. Middey, Yanwei Cao, and M. Kareev, Department of Physics, University of Arkansas, Fayetteville, Arkansas 72701, USA
J. Chakhalian, Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854, USA
Address all correspondence to J. Chakhalian at jchakhal@uark.edu
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Abstract
Epitaxial heterostructures composed of complex oxides have fascinated researchers for over a decade as they offer multiple degrees of free-
dom to unveil emergent many-body phenomena often unattainable in bulk. Recently, apart from stabilizing such artificial structures along the
conventional [001]-direction, tuning the growth direction along unconventional crystallographic axes has been highlighted as a promising
route to realize novel quantum many-body phases. Here we illustrate this rapidly developing field of geometrical lattice engineering with
the emphasis on a few prototypical examples of the recent experimental efforts to design complex oxide heterostructures along the (111)
orientation for quantum phase discovery and potential applications.

Introduction
The search and exploration of new collective quantum states
are of prime importance and interest in the condensed matter
physics. Toward this goal, ultra-thin heterostructures com-
posed of two or more structurally, chemically, and electroni-
cally dissimilar constituent oxides have been developed into
a powerful approach over the past decade.[1–6] The main no-
tion here is that at the interface where the dissimilarities
meet, the frustration caused by mismatches between arrange-
ment of atoms, charges, orbitals, or spins can trigger the emer-
gence of phenomena with electronic and magnetic structures
markedly different from the corresponding bulk composi-
tions.[1] As a result, the interface engineering (IE) has opened
a route to novel material behaviors by means of those mis-
matches as the control parameters. The IE approach is inti-
mately connected to another popular approach to tailor the
properties of materials with epitaxial strain by effectively alter-
ing the bond-length and bond-angle of structural units through
the deliberate choice of substrates. The exploration of epitaxial
strain due to the lattice mismatch has been thus far success-
fully used to manipulate the electronic bandwidth, band filling,
ferroelectric, and magnetic interactions of the ultra-thin
films.[7–9]

Inspired by the success of those engineering methods, very
recently another promising venue collectively known as geo-
metrical lattice engineering (GLE) has been presented as a
powerful tool to forge new topological and quantum many-
body states.[10–12] In close synergy with the IE and strain
engineering (SE) where mismatches between layers can induce
unusual interactions, the key idea behind the GLE is to design
fully epitaxial ultra-thin heterostructures with an artificial

lattice geometry generated by stacking of a very specific num-
ber of atomic planes along a specific orientation. This concept
can be further illustrated by realizing that for a three-
dimensional (3D) material the stacking of two-dimensional
(2D) atomic planes, the specific arrangement of ions in those
planes, their sequence, and the periodicity of layers fulfilling
a complete unit cell can exhibit drastic variations depending
on the crystallographic direction along which it is projected.
Conventionally, for rather thick bulk-like films, the effect of
those variations is often negligible (apart from anisotropy),
whereas for the ultra-thin samples it becomes much more dom-
inant in determining the electronic and magnetic properties.
Following this idea, in the pursuit of exotic quantum states
many interesting material systems have been proposed theoret-
ically[10–22], while the experimental work on GLE has been pri-
marily focused on growth of cubic or pseudocubic (pc)
(111)-oriented artificial lattices[23–28].

The rest of the paper is organized as follows. First, we will
illustrate the concept of GLE by describing several prototypical
examples with (111) orientation to shed light on the details of
their design, fabrication, and possible growth challenges. By no
means does this paper present a comprehensive review of GLE.
We have not attempted to review the large body of published
results. Instead, we have focused on a few selected results to il-
lustrate the concepts, methodologies, and physics behind the
described phenomena. We apologize for possible omissions.
In the final section, a brief outlook will be provided to accentu-
ate some intriguing new ideas and material systems with other
lattice orientations and highlight the significant but largely un-
explored potential of GLE for quantum phase discovery and
applications.

MRS Communications (2016), 6, 133–144
© Materials Research Society, 2016
doi:10.1557/mrc.2016.24

MRS COMMUNICATIONS • VOLUME 6 • ISSUE 3 • www.mrs.org/mrc ▪ 133
8%%"$���4!� !#7��� �

���#3 ���� �	
�!( �!1454�6#!��8%%"$���((( 31�2#�475 !#7�3!#5 �/C%75#$�0 �D5#$�%)��! ����.C �����1%�����	�	���$C2:53%�%!�%85�,1�2#�475�,!#5�%5#�$�!6�C$5��1D1��12�5�1%�8%%"$���((( 31�2#�475 !#7�3!#5�%5#�$ 

Functional Oxides Prospective Article

Geometrical lattice engineering of complex oxide heterostructures: a
designer approach to emergent quantum states

Xiaoran Liu, S. Middey, Yanwei Cao, and M. Kareev, Department of Physics, University of Arkansas, Fayetteville, Arkansas 72701, USA
J. Chakhalian, Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854, USA
Address all correspondence to J. Chakhalian at jchakhal@uark.edu

(Received 17 May 2016; accepted 20 July 2016)

Abstract
Epitaxial heterostructures composed of complex oxides have fascinated researchers for over a decade as they offer multiple degrees of free-
dom to unveil emergent many-body phenomena often unattainable in bulk. Recently, apart from stabilizing such artificial structures along the
conventional [001]-direction, tuning the growth direction along unconventional crystallographic axes has been highlighted as a promising
route to realize novel quantum many-body phases. Here we illustrate this rapidly developing field of geometrical lattice engineering with
the emphasis on a few prototypical examples of the recent experimental efforts to design complex oxide heterostructures along the (111)
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results. Instead, we have focused on a few selected results to il-
lustrate the concepts, methodologies, and physics behind the
described phenomena. We apologize for possible omissions.
In the final section, a brief outlook will be provided to accentu-
ate some intriguing new ideas and material systems with other
lattice orientations and highlight the significant but largely un-
explored potential of GLE for quantum phase discovery and
applications.

MRS Communications (2016), 6, 133–144
© Materials Research Society, 2016
doi:10.1557/mrc.2016.24

MRS COMMUNICATIONS • VOLUME 6 • ISSUE 3 • www.mrs.org/mrc ▪ 133
8%%"$���4!� !#7��� �

���#3 ���� �	
�!( �!1454�6#!��8%%"$���((( 31�2#�475 !#7�3!#5 �/C%75#$�0 �D5#$�%)��! ����.C �����1%�����	�	���$C2:53%�%!�%85�,1�2#�475�,!#5�%5#�$�!6�C$5��1D1��12�5�1%�8%%"$���((( 31�2#�475 !#7�3!#5�%5#�$ 

MRS Communications (2016)

(001) superlattice

(111) superlattice

(111) 

(111) stacking

‘Conventional’ (001) stacking

(001) plane (001) stacking

(111) plane

(111)  stacking



Jak Chakhalian, RutgersNew Phases by Geometric Lattice Engineering 29

Theory: 
S. Okomoto, Phys. Rev. Lett. 110, 066403 
Di Xiao et al, Nat. Comm. 2011 

Experiments: 
Xioran Liu ,  JC,  MRS Communications 6, 133–144 (2016) 
Xiaoran Liu,  JC,  et al, Nano Lett. 2019, 19, 12, 8381–8387 
Xiaoran Liu, JC et al, Nano Lett. 2021, 21, 2010−2017 

Doped Mott Insulators in (111) Bilayers of Perovskite Transition-Metal Oxides
with a Strong Spin-Orbit Coupling

Satoshi Okamoto*

Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
(Received 1 October 2012; published 6 February 2013)

The electronic properties of Mott insulators realized in (111) bilayers of perovskite transition-metal

oxides are studied. The low-energy effective Hamiltonians for such Mott insulators are derived in the

presence of a strong spin-orbit coupling. These models are characterized by the antiferromagnetic

Heisenberg interaction and the anisotropic interaction whose form depends on the d orbital occupancy.

From exact diagonalization analyses on finite clusters, the ground state phase diagrams are derived,

including a Kitaev spin liquid phase in a narrow parameter regime for t2g systems. Slave-boson mean-field

analyses indicate the possibility of novel superconducting states induced by carrier doping into the Mott-

insulating parent systems, suggesting the present model systems as unique playgrounds for studying

correlation-induced novel phenomena. Possible experimental realizations are also discussed.

DOI: 10.1103/PhysRevLett.110.066403 PACS numbers: 71.27.+a, 74.20.!z

Competition and cooperation between Mott physics and
the relativistic spin-orbit coupling (SOC) have become a
central issue in condensed matter physics. As these two
effects become comparable, 4d and 5d transition-metal
oxides (TMOs) could be ideal platforms to explore novel
phenomena originating from such interactions. This
brought considerable attention to iridium oxides [1–3].
Of particular interest is A2IrO3 (A ¼ Li or Na) where Ir
ions form the honeycomb lattice. Density-functional-
theory calculations for Na2IrO3 predicted the quantum
spin Hall effect [4]. Alternatively, with strong correlation
effects, the low-energy properties of A2IrO3 could be
described by a combination of pseudodipolar interaction
and Heisenberg interaction [5], called the Kitaev-
Heisenberg model [6], which is a candidate for realizing
Z2 quantum spin liquid (SL) states. However, later experi-
mental measurements confirmed a magnetic long-range
order [7–9] in Na2IrO3 possibly because of longer-range
magnetic couplings [10–12]. The effect of carrier doping
into the Kitaev-Heisenberg model was also studied [13,14].

Interacting electron models on a honeycomb lattice have
long been theoretical targets for realizing novel phe-
nomena such as the quantum Hall effect without Landau
levels [15] and the spin Hall effect with the SOC [16]. The
spin Hall effect could also be generated by correlations
without the SOC [17]. Yet, experimental demonstrations
for such correlation-induced phenomena remain to be
done. Recently, artificial bilayers of perovskite TMOs
grown along the [111] crystallographic axis, where
transition-metal ions form the buckled honeycomb lattice
(Fig. 1), were proposed as new platforms to explore a
variety of quantum Hall effects [18–20]. This proposal
was motivated by the recent development in synthesizing
artificial heterostructures of TMOs [21]. TMO heterostruc-
tures have great tunability over fundamental physical pa-
rameters, including the local Coulomb repulsion, SOC, and

carrier concentration. However, the effect of correlations to
possible novel phenomena near Mott-insulating states with
a strong SOC remains to be explored.
Here, we address the correlation effects in TMO (111)

bilayers with a strong SOC. Specifically, we consider t52g
systems and e1;3g systems for which the low-energy elec-
tronic properties could be described in terms of S ¼ 1=2
isospins [22]. We derive the effective Hamiltonians for
such Mott insulators and analyze them numerically and
analytically. The effective Hamiltonian for t52g has the form

of the Kitaev-Heisenberg model [5], but the SL was found
to exist only in a small parameter regime. On the other
hand, the effective Hamiltonian for e1;3g has the Ising-type
anisotropy, thus the SL is absent. The effect of carrier
doping is analyzed using slave-boson mean-field (SBMF)
methods including Ansätzewhich reduce to exact solutions
at limiting cases of zero doping. It is shown that carrier
doping makes the physics of our model systems more
interesting by inducing unconventional superconducting
states, most likely dþ id paring which breaks time-
reversal symmetry.
Effective models.—We start from a multiband Hubbard

model with t2g orbitals or eg orbitals. In both cases, only
the nearest-neighbor hoppings are considered, and the

FIG. 1 (color online). Buckled honeycomb lattice realized in a
(111) bilayer of the cubic lattice. x, y, and z in (a) indicate the
cubic axes and the spin components in the Kitaev interaction on
the buckled honeycomb lattice shown in (b).
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Figure 1.9: (a) Schematic figure of pyrochlore A2B2O7’s A or B sublattice. When viewed along
the (111) axis, it can be seen as alternating triangular and Kagome lattices stacking with an o↵set.
(b) Schematic figure of (a) projected along (111) plane, the red atoms signifying the triangle layer
and the green atoms signifying the Kagome layer. (c) The relative structure of A site and B site
in A2B2O7. At the same plane with the normal axis (111), when A forms a triangular layer, B
forms a Kagome layer and vice versa. (d) The 2-in-2-out ground state of pyrochlore titanate’s rare
earth sites. (e) The 4-in-4-out ground state of pyrochlore Iridate’s Ir sites. (f) Phase diagram of
an 4-in-4-out AFM system as a function of Nb (number of BLs) and m (spin moment on each site).
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Polar Mismatch 
or  

avoided  ‘polar catastrophe’

High symmetry directions like [111] are often polar 
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Polar mismatch and avoided catastrophe problem from the polar interface

Physics 4, 106 (2011)

Potential developed across a unit cell of perovskite 
structure:  

ABO3 which is ../A3+O2-/B3+O2-/A3+O2-/B3+O2-/.. 
  
the answer is few 10 of eV per u.c.! 
Recall gap in insulators is about 1-5 eV. 

Theoretically: Conduction band will “run”  into valence 
band resulting in rapid metallization of  thin films 

Experiment suggests much more complex picture
JC et al, Scientific Report,  4:6819 (2015)
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Initial growth of a correlated oxide  metal LaNiO3
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Middey et. al., Scientific Reports  4, 6819 (2014) 
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Middey et. al.,  Phys. Rev. Lett. 116, 056801 (2016) 
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Two Examples 

1. Spin and Orbit 2D electron gas 
2.Quantum gapless spin liquid  
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Examples  

Orbital and spin polarized   

synthetic 2D metal
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M. Kareev,  et al, APL 103, 231605 (2013)
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Collaboration with  Lin Gu 
and Jiandong Guo,  IOP China 
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Coey, Ariando, and Pickett, MRS Bulletin 2013

Orbitally selective Kondo effect

Jak Chakhalian, Rutgers

The spatial separation of dxy and dxz/dyz is the combined effect of electrostatic energy and crystal field splitting.

1D e- slow but propagate deep; dyz band 

Confined 2D e- very mobile in dxy band

Inside STO

LTO-STO int.
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FIG. 1. (a, b) Fermi surface intensity maps of the 2DES measured at the surface of CaTiO3(001) close to �005 (h⌫ = 57 eV)
using linear horizontal (LH) polarization, and close to �115 (h⌫ = 67 eV) using linear vertical (LV) polarization, respectively.
(c, d) E � k intensity maps measured at �005 using LH and LV polarization. The red curves are based on a one-layer tight-
binding model assuming orbital hybridization between the dxz and dyz orbitals. The yellow markers in (c) are the peak positions
of the fits of the energy distribution curves. (e, f) Fermi surface and E�k map corresponding to the electronic structure of the
2DES at the (001) surface of SrTiO3. The shown intensity maps are a superposition of measurements using LH polarization
at h⌫ = 90 eV and LV polarization at h⌫ = 47 eV. The red curves are, in this case, based on a tight-binding model without
hybridization between the di↵erent t2g orbitals. (g, h, i) Momentum-resolved fraction of orbital character of the dxz or dyz
band visible in the E � k maps in (c, d, f) based on the tight-binding model showing the orbital hybridization in the 2DES at
the (001) surface of CaTiO3.

than 0.01 Å and the tilt angles by less than 0.2�. The
band gap is estimated to be 3.62 eV as compared to the
experimental value of 3.50 eV [26]. All through this pa-
per, directions and planes are defined in the quasi-cubic
cell of CaTiO3. In this way, the (x, y, z) axes used to
express orbitals and wave functions are defined along the
Ti-Ti directions. In contrast, for experimental conve-
nience, the indices h, k and l of �hkl correspond to the
reciprocal lattice vectors of the orthorhombic unit cell.

Experimental results.- Figs. 1(a, b) show the di↵er-
ent observed Fermi surfaces in the (001) plane of pseudo-
cubic CaTiO3. They were measured, respectively, around
�005 using h⌫ = 57 eV photons with linear vertical (LV)
polarization, and around �115 using h⌫ = 67 eV pho-
tons with linear horizontal (LH) polarization. One Fermi
sheet consists of a four-pointed star as shown in Fig. 1(a),
while two other Fermi sheets are circular as seen in

Fig. 1(b). Figs. 1(c, d) present the energy-momentum
maps close to the bulk �005 point along the h010i di-
rection, using respectively LH and LV polarizations. In
Fig. 1(d) one observes two dispersive light bands and a
portion of heavy band close to the Fermi level, whereas
the other part of the heavy band, with bottom about
62 meV below EF , can be seen in Fig. 1(c).

To understand the originality of the 2DES in CaTiO3,
it is instructive to compare its electronic structure with
that found in SrTiO3. Figs. 1(e, f) show, respectively, the
Fermi surface and E � k map obtained at the Al-capped
SrTiO3(001) surface –a protocol recently developed by
us to create highly homogeneous 2DES on several ox-
ides [19]. We thus identify three bands, two light and one
heavy, in the E � k maps of both materials. In SrTiO3,
the two light bands have dxy character, while the heavy
band has dyz (dxz) character along kx (ky) [10, 11]. For
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FIG. 1. (a, b) Fermi surface intensity maps of the 2DES measured at the surface of CaTiO3(001) close to �005 (h⌫ = 57 eV)
using linear horizontal (LH) polarization, and close to �115 (h⌫ = 67 eV) using linear vertical (LV) polarization, respectively.
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than 0.01 Å and the tilt angles by less than 0.2�. The
band gap is estimated to be 3.62 eV as compared to the
experimental value of 3.50 eV [26]. All through this pa-
per, directions and planes are defined in the quasi-cubic
cell of CaTiO3. In this way, the (x, y, z) axes used to
express orbitals and wave functions are defined along the
Ti-Ti directions. In contrast, for experimental conve-
nience, the indices h, k and l of �hkl correspond to the
reciprocal lattice vectors of the orthorhombic unit cell.

Experimental results.- Figs. 1(a, b) show the di↵er-
ent observed Fermi surfaces in the (001) plane of pseudo-
cubic CaTiO3. They were measured, respectively, around
�005 using h⌫ = 57 eV photons with linear vertical (LV)
polarization, and around �115 using h⌫ = 67 eV pho-
tons with linear horizontal (LH) polarization. One Fermi
sheet consists of a four-pointed star as shown in Fig. 1(a),
while two other Fermi sheets are circular as seen in

Fig. 1(b). Figs. 1(c, d) present the energy-momentum
maps close to the bulk �005 point along the h010i di-
rection, using respectively LH and LV polarizations. In
Fig. 1(d) one observes two dispersive light bands and a
portion of heavy band close to the Fermi level, whereas
the other part of the heavy band, with bottom about
62 meV below EF , can be seen in Fig. 1(c).

To understand the originality of the 2DES in CaTiO3,
it is instructive to compare its electronic structure with
that found in SrTiO3. Figs. 1(e, f) show, respectively, the
Fermi surface and E � k map obtained at the Al-capped
SrTiO3(001) surface –a protocol recently developed by
us to create highly homogeneous 2DES on several ox-
ides [19]. We thus identify three bands, two light and one
heavy, in the E � k maps of both materials. In SrTiO3,
the two light bands have dxy character, while the heavy
band has dyz (dxz) character along kx (ky) [10, 11]. For
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YTO interface 
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Electrons from 1D “chains” interact FM with YTiO3 electrons  

FM interaction between localized and itinerant electrons
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How to liquify spins ? 
Fractionalized 

fermions, topological  
order and all that



46WHY QUANTUM SPIN LIQUIDS (QSL) ARE 
INTERESTING ?

1. Most  QSLs are flat  band systems, if doped 
may result in hight  (room ?) Tc SC. 

2. for D>1 fractional excitations interact with each 
other through emerging gauge fields, giving 
rise to string- and loop-like non-local 
excitations. 

3. QSLs sustain a new type of non-local order, 
called “topological order” without Landau 
broken symmetry. 
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Introduction
QSLs in two and three dimensions

Geometrical frustrations are required 

QSLs in two and three dimensions

A large ground-state degeneracyClassical

Quantum Quantum fluctuation lifts the degeneracy and a QSLQuantum fluctuation lifts the degeneracy and a QSL 
ground state may appear

Only a few candidate materials exist
Triangular lattice

Only a few candidate materials exist. 

3He on graphite Organic compounds
surface bulk

Top experimental 
platforms

Na2IrO3, 
(α,β,ɣ)-
Li2IrO3

α-RuCl3

Kitaev materials

Quantum spin iceHerbertsmithite

 
 
 
 
 
 

and 2.937 Å  (Cu2-Cu2).  The Cu2 ion is located in an octahedron made of 4 O and 2 OH ions that is 
elongated horizontally in Fig. 1(a), while the octahedron of the Cu1 ion is deformed in the opposite 
way. Thus, it is reasonable to assume that an unpaired electron is in the dz2 orbital at Cu1, while in the 
dx2-y2 orbital at Cu2, as schematically drawn in the inset of Fig. 1(a).  As a result, moderately strong 
antiferromagnetic superexchange couplings are expected through bridging oxide ions with large Cu-O-
Cu angles; 105.6° and 82.7° for J1 between Cu1 and Cu2 spins, and 101.1° and 91.5° for J2 between 
two Cu2 spins [6].  Although it is difficult to predict the magnitude of the magnetic couplings, the 
anisotropy may not be so large, because of this orbital arrangement.  In fact, recent theoretical 
calculations on the magnetic susceptibility and specific heat of volborthite suggested that the lattice 
remains a great deal of frustration [10] and that the anisotropy can be less than 20% [11].  The average 
coupling Jav = (2J1 + J2) / 3 was estimated to be 84 K in our previous study [7].  On the one hand, an  
anisotropic kagome model has been studied theoretically, which found a rich phase diagram with a 
ferrimagnetic, incommensurate and decoupled chain phases [12].   
 

Figure 1. Kagome lattices of volborthite (a) and herbertsmithite (b).  The two drawings are in the 
same scale.  The inset on each drawing expands a triangle of Cu ions to show a possible arrangement 
of 3d orbitals carrying unpaired electrons.  
 

The other compound is herbertsmithite ZnCu3(OH)6Cl2 that was claimed to be a structurally perfect 
KAFM [13].  In fact, it crystallizes a hexagonal structure as depicted in Fig. 1(b) comprising an 
equilateral triangle made of Cu2+ ions [14].  The Cu-Cu distance is 3.414 Å, more than 10% larger 
than those of volborthite.  Magnetic couplings should be isotropic through a nearest-neighbour 
superexchange J via a Cu-O-Cu path based on the dx2-y2 orbitals arranged symmetrically along the 
threefold axis.  The magnitude of J was estimated to be 170 ~ 190 K [15-17], more than double of the 
Jav of volborthite, which is due to the larger bond angle of 119° [18].  Although the compound looks 
like perfect, its Achilles heel is a mutual exchange between Cu2+ and nonmagnetic Zn2+ ions [19-21].  
It was reported that 6 - 10% of the Cu site in the kagome plane is replaced by Zn, which means that 18 
- 30% of the Zn site is occupied by the kicked out Cu ions.  This may be caused by the similarity in the 
ionic radius between Cu2+ and Zn2+ and also the same valence state of the two ions.  The associated 
disorder effects in the kagome plane must disturb the GS seriously.  Moreover, the almost free Cu 
spins at the Zn site mask the intrinsic properties in bulk measurements: a superexchange between two 
neighboring Cu spins at the Cu and Zn sites is expected to be relatively much smaller because of the 
particular Cu-O-Zn bond angle of 96.9° [18].  Such a chemical substitution is not the case for 

2

Yb2Ti2O7

...

organics
/ Figure from L. Balents presentation / 

For D>1 crystals ALL real compounds order magnetically 
(‘proximal’ QSL) or defective or not  verified below 1.5K
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We start from a normal spinel oxide AB2O4,  e.g.CoCr2O4
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Fig. 7.1 (a) Spinel structure, emphasizing the two basic structural units of AO4 tetrahedra and BO6

octahedra. (b) B sublattice of spinel structure, which defines a pyrochlore lattice. (c) B-sublattice
structure (pyrochlore lattice) viewed from the h111i direction. (d) A sublattice (diamond lattice).
(e) Spinel structure, shown to emphasize the coordination of B ions with surrounding oxygen
ions. The inset shows the trigonal distortion of the BO6 octahedra, which is characterized by the
parameter u

where Si is the spin on site i with jSi j D 1, J is the strength of the antiferromagnetic
coupling and L˛ is the total spin in unit ˛.

The ground state is the state with L˛ D 0 for all ˛, namely with total spin
per cluster (per tetrahedron in the pyrochlore case) equal to zero. There are in total
K D N.n!1/q=2 degrees of freedom and the constraint L˛ D 0 imposes K D Nn.
The remaining degrees of freedom are F !K D N Œn.q!2/!q!=2, which is positive
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Figure 1: Overview of the structural properties of the superlattices. a, Schematic representation of bulk

spinel CoCr2O4 composed of networks of Co2+O4 tetrahedra and Cr3+O6 octahedra. Both the inter-atomic

and the intra-atomic superexchange pathways, JCr-Co and JCr-Cr, are displayed on the graph with the con-

ical spin structures (white arrows) as depicted by Yamasaki et al. 16. b, Stacking of the cation planes along

the [111] direction. The blue Co ions form only triangle T plane (in orange), whereas the green Cr ions

form both triangle T’ plane (in purple) and kagome K plane (in pink). Oxygen ions are omitted for clarity.

c, Definition of the basic repeating unit (n = 1) of CoCr2O4 along the [111] direction, which includes four

geometrically frustrated planes: kagome Cr plane (K), triangle Co plane (T), triangle Cr plane (T’), and

triangle Co plane (T). d, Schematic illustration of the (111)-oriented (CoCr2O4)n/(Al2O3)2 superlattices. e,

High-angle annular dark-field scanning transmission electron micrograph of the CoCr2O4/Al2O3 interface.

Left inset: The epitaxial relationship between two components. Right inset: Sketch of the relative posi-

tions of each type of ion (Co, Cr, Al, and O are depicted by dark blue, green, light blue, and red spheres,

respectively). The four cation planes included in one repeating unit are labeled on the image.

4

unit cell 
1QL=TT’TK 

=4.9A

TEM work  by  Lin Gu (IOP,CAS)

D EC

A B

c

a
b

Cr3+O6

Co2+O4

JCr-Cr JCo-Cr

Triangle Co 
plane (T)

Triangle Cr 
plane (T’)

Kagome Cr 
plane (K)

Co sublattice Cr sublattice

n = 1

[1-10]
[11-2][111]

Co

O
Cr

K

T

T
T’

AlO

CCO
T

T’TK

1 nm

[111]

[1-10]

[0001]

[1-100]

[111]

AlO spacer
n u.c. CCO
AlO spacer

Figure 1: Overview of the structural properties of the superlattices. a, Schematic representation of bulk

spinel CoCr2O4 composed of networks of Co2+O4 tetrahedra and Cr3+O6 octahedra. Both the inter-atomic

and the intra-atomic superexchange pathways, JCr-Co and JCr-Cr, are displayed on the graph with the con-

ical spin structures (white arrows) as depicted by Yamasaki et al. 16. b, Stacking of the cation planes along

the [111] direction. The blue Co ions form only triangle T plane (in orange), whereas the green Cr ions

form both triangle T’ plane (in purple) and kagome K plane (in pink). Oxygen ions are omitted for clarity.

c, Definition of the basic repeating unit (n = 1) of CoCr2O4 along the [111] direction, which includes four

geometrically frustrated planes: kagome Cr plane (K), triangle Co plane (T), triangle Cr plane (T’), and

triangle Co plane (T). d, Schematic illustration of the (111)-oriented (CoCr2O4)n/(Al2O3)2 superlattices. e,

High-angle annular dark-field scanning transmission electron micrograph of the CoCr2O4/Al2O3 interface.

Left inset: The epitaxial relationship between two components. Right inset: Sketch of the relative posi-

tions of each type of ion (Co, Cr, Al, and O are depicted by dark blue, green, light blue, and red spheres,

respectively). The four cation planes included in one repeating unit are labeled on the image.

4

NEW SYNTHETIC QUANTUM STRUCTURE /CCO111/ 



51PERFECT CHEMICAL QUALITY OF CCO111
A B

590585580575
Photon energy (eV)

Cr
 X

AS
 (a

.u
.)

bulk

n=4

n=2

n=1

L3
L2

800795790785780775
Photon energy (eV)

Co
 X

AS
 (a

.u
.)

bulk

n=4

n=2

n=1

L3

L2

QL=1 QL=1

BULK BULK



2.0

1.5

1.0

0.5

0.0

M
 (

Œ
º B

/f
.u

.)

12080400
Z (√Ö)

6
5
4
3
2
1
0

nSLD √
ó10

-6 (√
Ö

-2)
n = 4

2.0

1.5

1.0

0.5

0.0

M
 (

Œ
º B

/f
.u

.)

250200150100500
Z (√Ö)

6
5
4
3
2
1
0

nSLD √
ó10

-6 (√
Ö

-2)

n = 1

a b c

Cr
 L

3 X
M

CD
 (a

.u
.)

Co
 L

3 X
M

CD
 (a

.u
.) n=4

n=2

n=1

μ0H (T)

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

n=1
n=2

n=4

10-4
 

10-2
 

100
 R++

  R--

 fit    fit

10-5
 

10-3
 

10-1
  R++

  R--

 fit    fit

10-4
 

10-2
 

100

0.060.040.02

 R++
  R--

 fit    fit
 
 

Qz (Å-1)

Re
"e

ct
iv

ity
 (a

.u
.)

n=4

n=2

n=1

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

80400

6
4
2
0

Z (Å)

M
 (μ

B 
/ f

.u
.)

N
uclear SLD

 x10
-6 (Å

-2)

Sub. Film

nC
CO

Al
O

Al
O n=4

n=2

n=1

-1.5
-1.0
-0.5
0.0
0.5
1.0

τ 
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

1.6K
10
65

n=4
θ=30o

d 10

8

6

4

2

0

τ  
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

 1.6 K
 10
 65

n=1
θ=30o

5
4
3
2
1
0τ 

x1
0-1

0 (N
m

/T
)

86420
µ0H (T)

 20mK up
 20 down
 420
 550

e

a b c

Cr
 L

3 X
M

CD
 (a

.u
.)

Co
 L

3 X
M

CD
 (a

.u
.) n=4

n=2

n=1

μ0H (T)

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

n=1
n=2

n=4

10-4
 

10-2
 

100
 R++

  R--

 fit    fit

10-5
 

10-3
 

10-1
  R++

  R--

 fit    fit

10-4
 

10-2
 

100

0.060.040.02

 R++
  R--

 fit    fit
 
 

Qz (Å-1)

Re
"e

ct
iv

ity
 (a

.u
.)

n=4

n=2

n=1

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

80400

6
4
2
0

Z (Å)
M

 (μ
B 

/ f
.u

.)

N
uclear SLD

 x10
-6 (Å

-2)

Sub. Film

nC
CO

Al
O

Al
O n=4

n=2

n=1

-1.5
-1.0
-0.5
0.0
0.5
1.0

τ 
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

1.6K
10
65

n=4
θ=30o

d 10

8

6

4

2

0

τ  
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

 1.6 K
 10
 65

n=1
θ=30o

5
4
3
2
1
0τ  

x1
0-1

0 (N
m

/T
)

86420
µ0H (T)

 20mK up
 20 down
 420
 550

e

a b c

Cr
 L

3 X
M

CD
 (a

.u
.)

Co
 L

3 X
M

CD
 (a

.u
.) n=4

n=2

n=1

μ0H (T)

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

n=1
n=2

n=4

10-4
 

10-2
 

100
 R++

  R--

 fit    fit

10-5
 

10-3
 

10-1
  R++

  R--

 fit    fit

10-4
 

10-2
 

100

0.060.040.02

 R++
  R--

 fit    fit
 
 

Qz (Å-1)

Re
"e

ct
iv

ity
 (a

.u
.)

n=4

n=2

n=1

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

80400

6
4
2
0

Z (Å)

M
 (μ

B 
/ f

.u
.)

N
uclear SLD

 x10
-6 (Å

-2)

Sub. Film

nC
CO

Al
O

Al
O n=4

n=2

n=1

-1.5
-1.0
-0.5
0.0
0.5
1.0

τ 
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

1.6K
10
65

n=4
θ=30o

d 10

8

6

4

2

0

τ 
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

 1.6 K
 10
 65

n=1
θ=30o

5
4
3
2
1
0τ  

x1
0-1

0 (N
m

/T
)

86420
µ0H (T)

 20mK up
 20 down
 420
 550

e

a b c

Cr
 L

3 X
M

CD
 (a

.u
.)

Co
 L

3 X
M

CD
 (a

.u
.) n=4

n=2

n=1

μ0H (T)

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

-2

-1

0

1

2

-0.4 -0.2 0.0 0.2 0.4

n=1
n=2

n=4

10-4
 

10-2
 

100
 R++

  R--

 fit    fit

10-5
 

10-3
 

10-1
  R++

  R--

 fit    fit

10-4
 

10-2
 

100

0.060.040.02

 R++
  R--

 fit    fit
 
 

Qz (Å-1)

Re
"e

ct
iv

ity
 (a

.u
.)

n=4

n=2

n=1

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

6
4
2
0

2.0
1.5
1.0
0.5
0.0

80400

6
4
2
0

Z (Å)

M
 (μ

B 
/ f

.u
.)

N
uclear SLD

 x10
-6 (Å

-2)

Sub. Film

nC
CO

Al
O

Al
O n=4

n=2

n=1

-1.5
-1.0
-0.5
0.0
0.5
1.0

τ 
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

1.6K
10
65

n=4
θ=30o

d 10

8

6

4

2

0

τ 
x1

0-9
(N

m
/T

)

-8 -4 0 4 8
µ0H (T)

 1.6 K
 10
 65

n=1
θ=30o

5
4
3
2
1
0τ  

x1
0-1

0 (N
m

/T
)

86420
µ0H (T)

 20mK up
 20 down
 420
 550

e

n=4  0.48 µB/1QL 

n=1   0.01 µB/1QL 

52MAGNETIC PROPERTIES OF CCO111

Tc = 62 K
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TORQUE MAGNETOMETRY 
TC ~ 62 K
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2-4QL / novel Yafet-Kittel / 1QL = QSL

Frustration factor f = Θcw/Tc around - 100-1000  
best candidates for QSL 

WHAT  KIND OF QSL ?
/spiral/
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Jnnn
Cr−Cr

Jnn
Cr−Cr

<111>

Kagome 
plane

Kagome × }
(0001) Al2O3

(0001) Al2O3 

Wide band gap

Interface ‘kills’ term and amplifies frustrationJnnn
Cr−Cr

1QL

QSL ARISES FROM INTERACTIONS DUE TO  INTERFACE !

Without Jnnn  
the system is 2D



56IDEAS and CHALLENGES
more in Chapter 9 in the lecture notes 

1. If you replace a nano-seconds UV laser with a femtoseconds one, what synthesis 
regime can we reach? The intrigue here is in the femtosecond regime. There is no time 
for heat dissipation as phonons are too slow / pico-seconds timescale /.  

2. What happens if you combine different topological classes and antagonistic orders 
e.g. Dirac electrons with Cooper pairs or Cooper pairs and magnetic monopoles of a spin-
ice?  

3. Can you think of a design approach for structures that can ‘zoom in’ on a specific term 
of a Hamiltonian?  

4. Can you create structures holding quantum chaos?  

5. What about structures that reach quantum hydrodynamics?  

7.  What designer structures can directly reveal the entanglement of fermions ?  
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Q: Is there unseen universe hidden in the interface ?

A: “ There is no question there is an unseen universe. 
The question is: how far is it from midtown, and how late is it open ? ” 

Woody  Allen

Thank you ! 
Questions ?


