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Balatsky research statement 

 

I plan to focus on two main directions for my research, while taking advantage of 
interdisciplinary nature of the research offered by Department and Materials Institute.  

1) Emergent behavior of correlated materials .  
There has been remarkable three decades of discovery of complex inorganic, organic (and 
biological), electronic (magnetic, photonic…) materials with unexpected functions and 

performance.  Examples include (superconducting oxides and pnictides, MgB2, GMR, CMR, 
plastic conductors, nanotubes, graphene, . . . Last decade is also  notable for a similarly 

remarkable explosion of experimental probes of structure and function for multiple spatial and 
temporal scales, including scanning probe microscopies, focused x-rays, ARPES, pump probe, 
time resolved crystallography, EXAFS, . . .  These data and probes increasingly reveal novel 

functionalities that exist at several distinct scales.  Our understanding of the origins and 
functional consequences of this multiscale richness is very limited. 

I will identify model systems with sufficiently rich energy landscapes for the above emergent 
features.  My immediate focus is on a) Dirac materials, 
b) mesoscale structures, c) emergent phenomena near 

quantum critical points. 
 

a) Dirac Materials. A wide range of materials, like d-

wave superconductors, graphene, and topological 

insulators, share a fundamental similarity: their low-

energy fermionic excitations behave as massless Dirac 

particles. This emergent behavior of Dirac fermions in 

condensed matter systems defines the unifying 

framework for a class of materials we call Dirac 

materials.  I would like to explore possibilities to 

generate novel Dirac materials taking advantage of the 

engineering and synthesis capabilities of modern 

materials and interfaces that came online in the last 5-

10 years. Engineered nansotructures would allow us to create and control novel Dirac states.  

Time resolved and pumped probes of Dirac materials. Recent advances in manipulation of light, 
pumped and time resolved probes of correlated materials and more specifically Dirac Materials 

open up another venue for engineered states where we create the novel states in the transients as 
a result of energy pumped into electron subsystem. Another possibility is the novel topological 
states in the steady nonequlibrium state that emerge as a result of steady temporal periodic 

perturbations. I am looking at possibility to create steady excited states as a result of perturbation 
of particles in Dirac nodes. Hope is to generate novel correlated states like ferromagnetism and 

superconductivity in the nonequilibrium configuration.  ( T.Wehling et al, Advances in Physics, 
v 63, p 1(2014), Nature Commun. 4, 1972 (2013).) 

 

b) Understanding and Controlling Collective Phenomena in Mesoscale Structures.  

The field of complex materials stands at a crossroads similar to semiconductor S&T decades ago 
when basic understanding of material properties and fabrication procedures were in place but 

 
Fig.1. Proposed approach to generate 
topological insulators by coupling Rashba 

bilayers, T. Das and A.V. Balatsky, 

Engineering three dimensional topological 

insulators in Rashba-type spin-orbit coupled 

heterostructure.   Nature Commun. 4, 1972 
(2013). 

 

 



before the principles required to achieve desired functionality had been established. As a result, 
new materials discovery has relied on accidental findings driven by advances in synthetic 

techniques rather than on “rational design” of the material structure. Functionality in materials is 
controlled by competing interactions and closes multiple energy minima that determine ground 

states. Recently the new paradigm in understanding and controlling nearly degenerate energy 
minima has emerged: epitaxial superlattices.  In these hybrid 2D or 3D structures two or more 
materials with a particular set of competing orders are interfaced in order to tease apart the 

multiple degrees of freedom involved in the collective behavior. The system can be moved from 
one minimum to another either by coherent excitations or by external control parameters like 

fields, strain and temperature. The interfaces often exhibit novel properties that cannot be obtained 
in the individual constituents. This lego-like materials layers offer a new approach to materials 
design, Fig.1.  With the great advancements in observations our understanding of the origin and 

functional consequences of these multiscale structures is very limited.  
 

The overarching goal of this research direction is to build  a predictive theory  of the competition 
between collective states of materials like superconductivity, magnetism and lattice that often 

define nano to mesoscale collective orders. We will develop the forefront condensed matter theory 
to establish fundamental relationship between mesoscale structure and collective behavior of the 

complex heterostructures including superconductors, magnetic and ferroelectric states and Dirac 
Materials like topological insulators and graphene.    

 
I will utilize combined first-principles and effective modeling approach with the focus on methods 
that couple strain and interface electronic and magnetic correlations, Fig.2.   The growing list of 

new states observed at interfaces and lack of theoretical understanding of the emergent states 
observed at interfaces point to exciting opportunities for theory and modeling with significant 

potential for new discoveries.  
 
c) Spatially modulated states near Quantum Critical Points.  Spatial modulation in spin and/or 

charge degrees of freedom appears to be a ubiquitous emergent property of strongly correlated 
electron systems (SCES). It manifests itself in a wide variety of states. There is a growing 

appreciation in the research community that this theme in SCES may be driven by very common 
underlying principles; however, such a general framework of understanding fundamental origins of 

a) b)  c)  
Fig. 2 a) Strain effects on the local superconducting properties. Local nanoscale defect induces strain that leads to modifications of 

electronic states at mesoscale [J.X. Zhu and A.V. Balatsky et al., Phys. Rev. Lett. 91, 057004 (2003)].  b) Changes in electronic 

states at interface between the substrate and soft SC film. Strain induces  modulation of superconducting gap in the film [Andreas 

Glatz et al  Phys. Rev. B 84, 024508 (2011)]. c) Preliminary calculations on the unrelaxed interfacial misfit dislocation at 
SrTiO3/LaTiO3 interfaces by means of connecting 20aSrTiO3/19aLaTiO3 unit cells to introduce one misfit dislocation at the middle. 

Large green and yellow atoms are Sr and La respectively, middle blue atoms are Ti, and small red atoms are Oxygen. For the 

proposed work, we will additionally calculate the strained interface structures as a result of extrinsic defects, with increasing 

structural complexity, starting with point defects to dislocation lines and then to intersections between two non-parallel dislocations. 

Shown is the most energetically favorable interface habit plane of the SrTiO3/LaTiO3interface, in which the lattice mismatch is 0.4% 
and the intrinsic dislocations are spaced 100 nm apart.  [Beyerlein et al, unpublished] 
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spatially modulated states is yet to be formulated. Spatial 
modulation may result from an external perturbation or from an 

intrinsic response of the electronically correlated state. The 
former can be achieved via application of high pressure, strain, 

magnetic and/or electric fields, as well as doping. At a basic 
level, the latter (intrinsic) effects are the consequence of a trade- 
off between potential and kinetic energies in coupled spin, 

charge and lattice degrees of freedom. Stripe phases in High 
Temperature Superconducting (HTS) compounds are one 

realization of such competition. Other examples include 
Colossal Magneto-Resistance (CMR) compound, or at Metal-
Insulator Transition (MIT).   At a quantum critical point (QCP), 

a zero-temperature boundary between two competing ground 
states, may serve as an example of intrinsic inhomogeneity. 

Excitations above each of the ground states are different, such 
as spin waves in magnetically ordered state and phase 
fluctuations of a superconducting state. As the system is driven to QCP, due to critical slowing 

down of fluctuations, different parts of the sample will fall into one of the two competing phases. 
This is our hypothesis of how intrinsic inhomogeneity develops spontaneously near QCP, which 

needs to be tested experimentally, Fig.3. As an alternative to purely intrinsic inhomogeneity, 
slightest variation of stoichiometry, strain 
acquired during sample growth, impurities, and 

defect can drive the system locally into one or 
another ground state, producing phase 

separation on a scale determined by a complex 
interplay between the spatial distribution of the 
impurities and defects and the spatial range of 

competing charge, spin, and lattice interactions.  
 

I plan to explore the role and relevance of 
various scenarios for developing nanoscale 
inhomogeneity in materials.  

 
 

2) Extreme Quantum Limits. I will focus on 
the lowest, extreme limit of time and length 
scale resolution that determines the response of material or system of interest.  

a) Noise spectroscopy. I will be looking at noise signatures in small particles and small 

ensembles as a way to understand electron and spin dynamics. My  work on the spatially 

resolved spin noise offers a unique glimpse into dynamics of a single spin that could be 

used as a platform for quantum computing As a single spin limit is approached we expect 

new physics be revealed by means of noise instead of conventional dissipative 

measurements. One interesting quantity is the higher order (4 th order) spin correlations that 

can elucidate the coupling to the bath and nuclear spin. For example one can use the noise  

to ask questions about nontrivial fluctuations in the cold atom traps. Another example is 

 
Fig. 3 Example of the QCP turning 

into first order transition as a result of 

interaction between two orders. First 
order transition will make appearance 

of inhomogeneities a natural 

consequence. She et al, Phys. Rev B 

82, 165128 (2010). 

 

 

1st order

a)  b)  

Fig. 4 a)STM image of DNA wrapped on 
carbon nanotube Bright dots on top of 
carbon nanotube have dimentions of few 

nanometers and likely are DNA bases. b) 
classical MC simulation of graphene 

nanopore growth, Zakharchenko and AV 
Balatsky, Carbon, (2014).  



the influence of hyperfine interactions on electron spin dynamics. My work with Manassen 

(A.V. Balatsky et al, Advances in Physics, v 61, 117 (2012)) and Crooker on spin noise is 

a good platform for this research. 

b) Spatially resolved DNA imaging. This is the effort that I would like to pursue in contact 

with the biological and/or medical community. At Los Alamos I was a PI on the combined 

theory-experiment project that led  to one of the first, if not the first experimental image of 

DNA on a single carbon nanotube(Yarotski, Dzmitry A, et al, Nano Lett.   v 9,   12, (2009)). 

My most recent work on the spectroscopy of a single base in DNA offers an opportunity 

to work at the limit of “single quantum” of biological information. Local scanned probes 

allow us now to detect particular bases of DNA and possibly sequence DNA without 

amplification. This work is not meant to come up with the fast sequencing tool but rather 

to use extreme sensitivity of local electronic probes to detect single bases one at a time. I 

plan to continue to work on using graphene nanopores for investigation of DNA 

translocation and sequencing (T. Ahmed et al, Electronic Fingerprints of DNA Bases on 

Graphene, Nano Lett. v12, 927(2012)), Fig.4. 

c) Graphene Nanopore and Water Desalination. I plan to investigate the molecular and ionic 

transport through graphene nanopore. There  are  qualities that make  nanoporous graphene 

a good candidate for membranes for water desalination and arsenic removal. This is a 

nascent project that organically builds on our understanding of the graphene pore regrowth 

and functionalization. I will develop realistic MD and DFT calculations that would allow 

us to model the transport though graphene nanopore. I am also would be interested in 

exploring the experimental connections in this field as well. (K. Zakahrchenko, AVB,  C 

A R B ON , 8 0 ( 2 0 1 4 ) 1 2 –1 8) 
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