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The internal structure of a vortex in a two-dimensional
superfluid with long healing length  

Igor Aleiner

Department of Physics, Columbia University, USA

We analyze the motion of quantum vortices in a two-dimensional bosonic superfluid
within Popov's hydrodynamic description. In the long healing length limit (where a large
number of particles are inside the vortex core) the superfluid dynamics is determined
by saddle points of Popov's action, which, in particular, allows for weak solutions of the
Gross-Pitaevskii  equation.  We solve  the resulting  equations  of  motion for  a  vortex
moving with respect to the superfluid and find the reconstruction of the vortex core to
be a non-analytic function of the force applied on the vortex. This response produces
an  anomalously  large  dipole  moment  of  the  vortex  and,  as  a  result,  the  spectrum
associated with the vortex motion exhibits narrow resonances lying {\em within}  the
phonon part of the spectrum, contrary to traditional view. The effects on vortex motion
in disordered medium and instabilities of Abrikosov lattice will be discussed.   
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Relaxation of Two-level systems and Electrons in amorphous
solids.

Ofek Asban1, Moshe shchechter2

1 Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

Disorder and interactions are usually the basic ingredients causing frustration, which ultimately 
leads to glassy behavior such as slow and non-exponential relaxation. We consider the 
relaxation of such glassy systems calculated for two known minimal models: The electron-glass 
(EG) and Interacting Two-level systems (TLS-glass). These effective models depict the low 
temperature behavior of a variety of disordered and amorphous solids. Following Amir 
Oreg and Imry [1], we apply a local mean-field approximation to the EG model and to the TLS-
glass model.  For both models we obtain, using the Pauli Master equation, slow dynamics and 
1/lambda distribution of relaxation rates . The effect of interactions, disorder, and system size on
the dynamics in both models, and the similarities and differences between the two models, are 
discussed.
 
[1] A. Amir, Y. Oreg, and Y. Imry, “Mean-field model for electron-glass dynamics,” Phys. Rev. B, vol. 77,
p. 165207, Apr 2008.



Universality of AC conductance in human hair

Sisay Mebre Abie1, Joakim Bergli1, Yuri Galperin1, and Ørjan Grøttem Martinsen1

1Department of Physics, University of Oslo, Norway
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Many disordered solids show a remarkable universality in the frequency dependence of the
AC conductivity σ(ω). This has been demonstrated for a range of different materials such
as glasses, amorphous conductors, and electron conducting polymers, and applies both to
electronic and ionic conductors. Typically, the curves showing the conductance as a function
of frequency for different temperatures fall on a common master curve when conductance and
frequency are scaled appropriately. The existence of a master curve is sometimes referred
to as the time-temperature superposition principle (TTSP) Biological systems are generally
disordered and it is interesting to see if similar scaling properties are found in that case. In
this work we will therefore investigate the possible presence of AC universality in human-
hair. Impedance spectroscopy on biological materials is not usually performed as a function
of temperature. However, the electrical admittance is largely dependent on water content.
Therefore we have investigated the dependence of the AC conductivity both on temperature
and ambient relative humidity (%RH). The scaling law of AC conductance can be expressed

as [1] σ(ω)
σ(0) = F

(
ω
σs

)
where F is a universal function and ωs scaling parameter. For temper-

ature dependent measurements, it is common to choose ωs = σ(0)T . Using a circuit model
of parallell resistors and capacitors, we show that when comparing measurements at different
relative humidities it is reasonable to expect that ωs = σ(0)/%RH. We have measured the
AC conductivity of human hair and shown that the scaling law is satisfied, as shown in Figure
1. A description of the experiment and result is published in [2].

Figure 1: Left: The AC conductance of the sample at different relative humidities. Right:
The same data rescaled according to the scaling law.

[1] Jeppe C. Dyre and Thomas B. Schrøder, Rev. Mod. Phys. 72, 873 (2000).

[2] Sisay Mebre Abie, Joakim Bergli, Yuri Galperin and Ørjan Grøttem Martinsen, Biomed.
Phys. Eng. Express 2, 027002 (2016).



Disorder-driven metal-insulator transitions in deformable lattices

D. Di Sante1, S. Fratini2, V. Dobrosavljević 3, and S. Ciuchi4

1Institute of Physics and Astrophysics, University of Würzburg, Germany
2Institut Néel, CNRS Grenoble, France

3Department of Physics and National High Magnetic Field Laboratory, Florida State Univ., FL, USA
4Department fo Physics and Chemistry, University of L’Aquila, Italy
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We show that in presence of a deformable lattice potential, the nature of the disorder-driven
metal-insulator transition (MIT) is fundamentally changed with respect to the non-interacting
(Anderson) scenario. For strong disorder, even a modest electron-phonon interaction is found
to dramatically renormalize the random potential, opening a mobility gap at the Fermi en-
ergy. This process, which reflects disorder-enhanced polaron formation[1, 2], is here given a
microscopic basis by treating the lattice deformations and the Anderson localization effects on
the same footing. We identify an intermediate ”poor conductor” transport regime which dis-
plays resistivity values exceeding the Mott-Ioffe-Regel limit and with a negative temperature
coefficient, as often observed in strongly disordered metals. The solution of this long-standing
experimental puzzle is found in revealing significant temperature-induced rearrangements of
electronic states, due to enhanced interaction effects in the vicinity of the disorder-driven MIT
[3]. Based on this considerations we argue that in presence of a deformable lattice potential,
the Coulomb gap characteristic of strongly disordered systems interacting through long-range
potentials is modified into a hard gap, dominated by disorder-induced polaronic effects.
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Figure 1: Conductivity and Mott limit. σ(T ) calculated at λ = 0.05, expressed in units of σM ; for
various values of disorder. For W = Wc = 1.16 (red) we also show the power-law extrapolation to
T = 0 (dotted). The shaded area is the experimental range 100− 250µΩcm where the TCR is seen to
vanish in most single-band materials.

[1] D. Di Sante and S. Ciuchi, Phys. Rev. B 90, 075111 (2014).

[2] Y. F. Nie, D. Di Sante, S. Chatterjee, P. D. C. King, M. Uchida, S. Ciuchi, D. G. Schlom,
and K. M. Shen, Phys. Rev. Lett. 115, 096405 (2015)

[3] D. Di Sante, S. Fratini, V. Dobrosavljevic and S. Ciuchi, arXiv:1604.07816 (2016)



Matter waves in a disordered medium under the influence of a
bias field

Cécile Crosnier de Bellaistre1, Antoine Georges2,3, Alain Aspect1, and Laurent
Sanchez-Palencia1

1Laboratoire Charles Fabry, Institut d’Optique, CNRS, Unuiversité Paris Sud, Palaiseau, France
2Centre de Physique Théorique, Ecole Polytechnique, CNRS, Palaiseau, France

3Collège de France, Paris, France
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Anderson localization in homogeneous disordered systems is characterized by absence of conductiv-
ity and exponential decay of wave functions. In the presence of a bias (eg electric) field, strong non
linear effects appear and localization has been predicted to become algebraic rather than exponen-
tial for arbitrary weak fields [1, 2]. Diagrammatic calculation of the asymptotic wavefunction after
expansion of a 1D wavepacket provide the exponent for weak bias and predicts a delocalization
transition at a finite bias field [1]. However, numerical calculation of the averaged logarithm of the
transmission coefficient (T ) points towards a different exponent, which is not trivially connected
to that calculated in Ref. [1], and regular behavior for the Kronig-Penney model [2].

Ultracold atoms now offer unprecedented possibilities to revisit this physics [3, 4] using both ex-
pansion [5, 6, 7] and transmission [8, 9] schemes.

Here, we consider the transmission scheme. We compute analytically the full distribution of trans-
mission coefficients from first principles. For white-noise disorder, we find algebraic decay of the
transmission and quantitative agreement with the heuristic formula for the self-averaging quantity
〈ln(T )〉 proposed in Ref. [2]. Diagrammatic calculations extending Ref. [1] to the calculation of
〈T 〉 confirm our results and reveal the major impact of different boundary conditions in expansion
and transmission schemes. Moreover, we are able to compute any function of the transmission T .
Applying it to two- and four-terminal conductivity, we make quantitative predictions, which can be
directly measured experimentally. Furthermore, we study the effect of finite disorder correlations
and show that they eventually destroy localization on large distance scales.

[1] V. N. Prigodin, JETP 52, 6 (1980).

[2] C. M. Soukoulis et al, PRL 10, 50 (1983).

[3] L. Sanchez-Palencia and M. Lewenstein, Nat. Phys. 6, 87 (2010).

[4] G. Modugno, Rep. Prog. Phys. 73, 102401 (2010).

[5] L. Sanchez-Palencia et al., Phys. Rev. Lett. 98, 210401 (2007).

[6] J. Billy et al., Nature 453, 891 (2008).

[7] G. Roati et al., Nature 453, 895 (2008).

[8] J.-P. Brantut et al., Science 337, 1069 (2012).

[9] S. Krinner et al., Phys. Rev. Lett. 110, 100601 (2013).

Acknowledgments: We thank Boris Altshuler for fruitful discussions.
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Omnidirectional reflectance in strong-disordered multilayer 

structures 
 

O. del Barco1, E. Conejero Jarque2, V. Gasparian3 and J. M. Bueno1 
 

1 Laboratorio de Óptica (LOUM), Universidad de Murcia, E-30100, Murcia, Spain 
2 Grupo de Investigación en Aplicaciones del Laser y Fotónica, Universidad de Salamanca 

E-37008, Salamanca, Spain 

3 Department of Physics, California State University, 
Bakersfield, California 93311-1099, USA 

 
 
 
 
 
 
 
 
 
 
 

The quest for a perfect reflector allowing truly omnidirectional reflection (ODR) for all 
polarizations over a wide selectable spectrum is a subject of ongoing research [1].  A good 
candidate that might fulfill these requirements is a disordered system, essentially due to the fact 
of the localization of light. It has been described the design of high-performance mirrors with a 
broader reflection band than periodic systems with the same refractive indices. Moreover, the 
localization length in strong-disordered structures (which is directly related to the reflectance of 
the multilayer) saturates at short wavelengths compared to the average layer thickness. In other 
words, there exists a broad spectral region where the reflectance is practically independent of 
the incident wavelength. 
Here, we numerically investigate the reflectance of disordered dielectric multilayers from 
normal to grazing incidence for a large wavelength range (from visible to mid-infrared range). 
Both positional and compositional disorder are considered in our model. As a result, these 
omnidirectional ultra-broadband reflectors might operate from 0.4 to 20 microns (the widest so 
far reported) with reflectances greater than 95% for s-states, reaching a minimum of 85% at 
Brewster incidence for parallel polarization [2]. As shown in Fig. 1, our disordered multilayers 
improve significantly the reflectance values compared to other periodic or aperiodic structures. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig 1: Reflectance values for p-polarization for different periodic, aperiodic and disordered Ge/CaF2 
multilayer structures; (a) chirped (b) quarter-wavelength (QW) Fibonacci distribution of 8th generation (c) 

QW triadic Cantor structure of 3rd generation  (d) QW periodic multilayer and (e) strong-disordered. 
 
 
 
 
 
 
 
 
 
 
 
 

 [1] S. Pleasants, Nat. Photonics 8, 498 (2014). 
 [2] O. del Barco et. al. (submitted to Physical Review Letters, 2016). 
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Electrical glassy properties at room temperature in insulating 
granular Al films 

 

Julien Delahaye and Thierry Grenet 
 

Institut Néel, CNRS & Université Grenoble Alpes, F-38042 Grenoble Cédex 9, France 
 

Electrical glassy properties are encountered in an increasing number of disordered insulating 
systems over the years, including now amorphous and crystalline indium oxide films, granular 
aluminium films and discontinuous films of metals. Recent measurements on discontinuous 
films of metals have revealed a singular behaviour [1]. First, conductance relaxations and so 
called memory dips are observed in field effect measurements up to room temperature while 
they are limited to much lower temperatures (around 4K) in the other systems. Second, when 
discontinuous films of metals are cooled down, their field effect measurements are dominated 
by the gate voltage history experienced before and during the cooling while there is little or no 
traces of this high temperature history in the other systems. Such findings question the 
possibility of a common physical explanation for all the systems in which electrical glassy 
properties have been seen so far. 

We present here results obtained on insulating granular Al thin films more resistive than the 
ones measured previously. We show that, by increasing the films resistivity, their electrical 
glassy behaviour becomes close to what is seen in discontinuous films of metals. Conductance 
relaxations and memory dips are found up to room temperature with a relative amplitude of 
about one percent in films having GΩ of sheet resistance. And large memory dips are formed 
during cooling which supplant any conductance relaxations induced afterwards by gate voltage 
changes at low temperature. A comparison with the other systems will be done and the 
implications of our results will be discussed. 
 
 
[1] T. Havdala, A. Eisenbach and A. Frydman, Europhysics Letters 98 67006 (2012). 
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Wigner Crystal in the Integer and Fractional Quantum Hall
Effect Regimes in n-GaAs/AlGaAs

I.L.Drichko1, I.Yu.Smirnov1, A.V.Suslov2, Yu.M.Galperin1,3, L.N. Pfeiffer4,

K.W. West4, 

                1A. F. Ioffe Physico-Technical Institute of RAS, 194021 St.Petersburg, Russia
               2National High Magnetic Field Laboratory, Tallahassee, FL 32310, USA
               3Department of Physics, University of Oslo, 0316 Oslo, Norway
               4Department of Electrical Engineering, Princeton University, Princeton, NJ 08544,
           USA

Both  attenuation  of  a  surface  acoustic  wave  (SAW)  and  variation  of  its  velocity  due  to
interaction  with  2D  electrons  in  n-GaAlAs/GaAs/GaAlAs  structures  are  measured  versus
perpendicular magnetic field of up to 18 T in the frequency range of (28.5 -- 306) MHz and at
temperatures (40 -- 380) mK. The study is performed on -doped from both sides 65 nm wide
GaAs  quantum  well  with  the  carrier  density  of  n=51010  cm-2 and  their  mobility  of
=8106cm2/Vs.  From  simultaneous  measurements  of  the  SAW  attenuation  coefficient  and
velocity shift the real 1  and imaginary 2 parts of the high frequency conductivity АС= 1-i2

were determined.
In the temperatures range of 40-380 mK the conductivity shows the rich oscillation pattern
corresponding to the IQHE and the FQHE regimes.
Analysis of the frequency and temperature dependences of 1 and 2 allowed us to conclude that
at filling factors  =0.21-0.125 the electron states can be considered as a weakly pinned Wigner
crystal.  The correlation length and the melting temperature of the Wigner crystal  have been
determined [1].
Near  filling  factor  =1 with  variation  of  the  temperature  and magnetic  field  the  crossover
between the single-electron localization and collective state – the Wigner crystal – is observed
[2].

[1] I.L. Drichko, I.Yu. Smirnov, A.V. Suslov, L.N. Pfeiffer and K.W. West,  Y.M. Galperin, Sol. St.
Commun. 213, 46 (2015). 
[2] I.L. Drichko, I.Yu. Smirnov, A.V. Suslov, L.N. Pfeiffer and K.W. West,  Y.M. Galperin,  Phys. Rev.
В 92, 205313 (2015). 

Acknowledgements: I.L.D. is grateful for support from RFBR via grant 14-02-00232. NHMFL is 
supported by NSF CA DMR-1157490 and the State of Florida. The work at Princeton University was 
funded by the Gordon and Betty Moore Foundation through the EPiQS initiative Grant GBMF4420, and 
by the National Science Foundation MRSEC Grant DMR-1420541.
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Moiré minibands in graphene heterostructures with hexagonal
boron nitride

Vladimir Falko

National Graphene Institute, the University of Manchester, UK

When graphene is placed on an atomically flat substrate with hexagonal lattice with a
close  lattice  constant,  such  as  boron  nitride  (hBN),  and  their  crystalline  axes  are
aligned,  a  long-wavelength  periodic  moiré  pattern  forms  due  to  a  weak
incommensurability of the two lattice structures, leading to a long-range superlattice
affecting  properties  of  electrons  in  graphene.  Here,  we  shall  discuss  the  effects
produced by such moiré superlattice on electrons at low and strong magnetic field. At
weak fields, electron states form minibands with peculiar properties, and also lead to
the low-energy umklapp scattering of electron from acoustic phonons. At high magnetic
fields,  electron spectrum transforms into a fractal  sequence of Brown-Zak magnetic
minibands, known under the nickname of Hofstadter butterfly. Experimentally available
magnetic  fields  are  enough  to  provide  flux  φ  through  the  moiré  superlattice  cell
comparable  to  the  magnetic  flux  quantum  φ0 and  to  observe  the  manifestation  of
magnetic  minibands in  magneto-transport  and magneto-capacitance measurements.
As a result, a single device can offer a multiplicity of two-dimensional electron systems,
realised at  rational  flux values  φ= φ0,  φ0/2,  2φ0/3,  etc.,  each with  its own intricate
topological  properties,  including quantum Hall  effect  physics  related to the effective
Landau  levels  emerging  from  these  magnetic  minibands  at  the  nearby  range  of
magnetic fields. 
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Inelastic cross sections by electron impact in polymethylmethacrylate 
 

Rafael Garcia-Molina1, Maurizio Dapor2, Pablo de Vera3 and Isabel Abril4  
 

1Departamento de Física - Centro de Investigación en Óptica y Nanofísica,  
Regional Campus of International Excellence “Campus Mare Nostrum”,  

Universidad de Murcia, E-30100 Murcia, Spain 
2European Centre for Theoretical Studies in Nuclear Physics and Related Areas 

(ECT*), Bruno Kessler Foundation, and Trento Institute for Fundamental Physics and 
Applications (INFN-TIFPA), I-38123 Trento, Italy 

3School of Mathematics and Physics, Queen’s University Belfast,  
Belfast, BT7 1NN, Northern Ireland, UK 

4 Departament de Física Aplicada, Universitat d’Alacant, E-03080 Alacant, Spain 
 

 

Polymethylmethacrylate (PMMA) is a relevant polymer for microelectronics, being widely used 
as a resist in optical and electron-beam lithography for the fabrication of integrated 
semiconductor devices and also in dosimetry setups. Due to its technological interest it is 
essential to model in detail the interactions suffered by fast electrons when moving through 
PMMA, which is often based in the Monte Carlo (MC) method. To obtain reliable predictions in 
MC simulations it is required an accurate knowledge of the total and differential cross sections 
for the different events that occur when an energetic electron is travelling through a PMMA 
target, over a wide energy range. 
Following the dielectric framework, we have developed a semiempirical method that allows the 
calculation of the energy distribution of the secondary electrons generated by electron impact in 
PMMA [1]. We have also calculated the inverse inelastic mean free path (IIMFP) due to 
electron excitation and ionization processes (which is directly proportional to the corresponding 
cross sections) as a function of the electron energy (Fig. 1). The spectrum of all the possible 
electronic excitations in PMMA is properly accounted for by including plasmon damping 
through phonon assisted electronic transitions as well as many-body and physical-state effects 
[2].  
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Fig 1: Inverse inelastic mean free path (IIMFP) for electrons in PMMA as a function of the 
incident electron energy, for ionization (solid line) and electronic excitation (dashed line) 
processes.  
 
[1] P. de Vera, R. Garcia-Molina, I. Abril, A. V. Solov'yov, Phys. Rev. Lett. 110, 148104 (2013).  
[2] P. de Vera, I. Abril and R. Garcia-Molina, J. Appl. Phys. 109, 094901 (2011). 
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Evidence for thermal activation in the glassy dynamics of the
granular aluminum electron glass

Thierry Grenet1 and Julien Delahaye1

1 Institut Néel, CNRS et Université Grenoble Alpes, Grenoble (France)

Like  several  other  disordered  insulating  systems,  insulating  granular  aluminium  is
known to exhibit non equilibrium phenomena, which manifest themselves in very slow
relaxations  of  the  electronic  properties.  Previous  studies  had  concluded  that  these
relaxations are not thermally activated, suggesting a glassy state in which dynamics
occurs essentially by quantum tunneling.  We will  show that these conclusions were
wrong, and give a clear experimental evidence of thermal activation. We will  explicit
why this fact was missed in previous experimental protocols, and discuss the activation
energies  involved,  as  well  as  the  implications  of  these  findings  for  obtaining  a
consistent  view  of  the  various  behaviours  observed  in  different  "electron  glass"
systems.
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Instabilities and “phonons” of optical lattices in hollow optical
fibres

N. K. Wilkin1 and J. M. F. Gunn1

1 School of Physics and Astronomy, University of Birmingham, Edgbaston,
Birmingham. B15 2TT. U. K.

A potential setting for transport of Bose Einstein Condensates is a hollow optical fibre.
The red-detuned optical field in the fibre confines the atoms away from the walls, and
may drive transport by radiation pressure. In this talk we discuss the stability of the
combined optical/atomic system. A byproduct of the back reaction on the optical field
from the atomic dynamics is the appearance of “phonons” in the optical lattice. 
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Hall effect and the magnetic field tuned superconductor to
insulator transition

Aharon Kapitulnik1

1 Department of Physics, Stanford University, Stanford, California, USA

The  magnetic  field  tuned  superconductor  to  insulator  transition  (H-SIT)  is  a
paradigmatic quantum phase transition, and along with the quantum Hall to insulator
transition  (QHIT).  While  the  H-SIT  has  been  among  the  most  extensively
experimentally studied quantum phase transitions (QPT), the nature of the transition
and the ground-state phases proximate it have consistently exhibited features that are
seemingly at odds with the generally accepted theoretical considerations. Moreover,
while the analogy between H-SIT and QHIT has been sketched in many publications,
particularly in the seminal work of Kivelson et al. on the “Global phase diagram in the
quantum Hall effect,” key results in the QHIT were not previously identified in the case
of H-SIT.
In  this  talk  we  discuss  measurements  of  the  longitudinal  (ρ_xx)  and  Hall  (ρ_xy)
resistivities  of  disordered  two  dimensional  films  to  study  the  magnetic-field  tuned
superconductor to insulator transition (H-SIT) in the T—> 0 limit. Our results show a
stark different between films exhibiting weak vs. strong disorder. In weakly disordered
films (with normal state resistivity small compared to the quantum of resistance, ρ_N ≪
h/e^2), the superconducting state gives way to an “anomalous metallic phase” with a
resistivity that extrapolates to a non-zero value, 0 < ρ(T —>0,H) << ρ_N. For highly
disordered superconducting films with ρ_N ~ h/e^2, a direct H-SIT seemingly occurs at
a field H_c, but with significant electron “pairing” persisting in the insulating phase. For
such  films  we  find  clear  evidence  for  particle-vortex  duality  at  the  H-SIT,  and  the
proximate insulating phase is fundamentally distinct from a conventional "Anderson-
insulator"  in that ρ_xy,  rather than diverging, tends to a finite value as T—>0. That
these  features  are  analogous  to  behaviors  previously  documented  near  the  QHIT
supports the existence of the correspondence between the two problems implied by the
composite boson theory.

[1]  N.P.  Breznay,  M.A.  Steiner,  S.A.  Kivelson,  A.  Kapitulnik,  Proceedings  of  the
National Academy of Sciences 113 (2016), 280.
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New results on the old problem of resistivity saturation 

Steven Kivelson

Department of Physics, Stanford University, USA

The electron dynamics in metals are usually well described by the semiclassical approximation
for long-lived quasiparticles. However, in some metals, the scattering rate of the electrons at
elevated temperatures becomes comparable to the Fermi energy, E_F, in a regime in which the
temperature is still small compared to E_F.  In order to obtain insight into the behavior of this
non-coherent quantum regime, we have studied a model of the electron-phonon problem that is
solvable in a certain large-N limit. In this regime, the model exhibits “resistivity saturation” to a
temperature-independent value of the order of the quantum of resistivity - the first analytically
tractable  model  to  do  so.  The  saturation is  not  due  to  a  fundamental  limit  on the electron
lifetime, but rather to the appearance of a second conductivity channel. This is suggestive of the
phenomenological “parallel resistor formula”, known to describe the resistivity of a variety of
saturating metals.  
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McMillan-Shklovskii scaling and MIT in strongly disordered 
metals with Coulomb interaction: a numerical Hartree-Fock

study

V. E. Kravtsov1

1 ICTP, Trieste, Italy

We perform a study of the effect of Coulomb interaction in strongly disordered metals
by exact  diagonalization  of  full-self-consistent  Hartree-Fock Hamiltonian.  It  involves
both the numerical procedure of iterative computation of a full-self-consistent Hartree-
Fock  Hamiltonian  and  finding  the  statistics  of  the  resulting  eigenfunctions  and
eigenvalues by averaging the relevant quantities over the realizations of random on-
site energies. In this way we show that 
(i) the singlet part of Coulomb interaction has a localizing effect;
(ii)  at  a  strong enough interaction U>U_{c}  (at  fixed disorder below the localization
threshold for a non-interacting system) the localized states first appear at the  Fermi
energy  E_{F}  which  does  not  coincide  with  the  mobility  edge  for  non-interacting
system;
(iii)  the two emerging interaction-induced mobility edges E_{c}  (between which weakly
localized  states  emerge)  remain  close  to  the  Fermi  energy  in  a  wide  range  of
interaction  strengths  U>U_{c}:  (E_{c}-E_{F})/E_{F}  =  +-  [(U-U_{c})/E_{0}]^{\nu  z},
where  E_{0} > U_{c} and \nu z \approx 2.5; 
(iv) emerging localized states are close to the critical states with multifractal statistics
that survives Coulomb interaction,
(v)  the zero-bias  anomaly in  the averaged density of  states crosses over from the
Altshuler-Aronov  shape  below  MIT,  to  the  critical  power-law  shape  at  MIT,  to  the
\omega^{2} Efros-Shklovskii  behavior in the insulator.
By  studying  this  crossover  we  confirm  the  scaling  suggested  by  McMillan  and
Shklovskii and find the dynamic scaling exponent to be close to z=1.9.



2D dissipative states in disordered a-NbxSi1−x thin films close to
the Superconductor-to-Insulator Transition

V. Humbert, F. Couëdo, O. Crauste, A.A. Drillien, L. Bergé, C.A. Marrache-Kikuchi
and L. Dumoulin1
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Macroscopic superconducting coherence can be destroyed by disorder. In two-dimensional
systems, this change in ground state is commonly described as a direct Superconductor-
to-Insulator Transition (SIT), which results from the competition between disorder-induced
localization, enhanced Coulomb interactions and superconductivity.

a-NbxSi1−x thin films constitute a model system to study this issue through a modification
of composition, thickness or annealing. By very finely tuning the SIT in this system, we
have evidenced two non-predicted dissipative states resulting from the disorder-induced de-
struction of the superconducting long range order. One presents reminiscent characteristics
of superconductivity, while the other shows precursor signs of localization. We will present
a quantitative characterization of both regimes as well as of the insulator that ermerges at
higher disorder level. Our results provide an insight on the entanglement between the Metal-
to-Insulator Transition and the SIT.



On the interpretation bias in metal-insulator transition experiments

Arnulf Möbius1

1Institute for Theoretical Solid State Physics, IFW Dresden, D-01171 Dresden, Germany
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In two recent experimental studies of the metal-insulator transition (MIT) induced by an-
nealing in GeSb2Te4 [1, 2], the authors drew opposite conclusions on the character of MIT:
In [1], the existence of a finite minimum metallic conductivity was claimed, whereas, in [2],
the MIT was stated to be continuous. Here, this contradiction is shown to arise from the
interpretation biases inherent to the respective data analysis approaches [3].

Simultaneously, we evaluate a number of MIT studies from the literature by analysing tem-
perature and control parameter dependences of the logarithmic temperature derivative of the
conductivity, w(T ) = d lnσ/d lnT . Exemplarily, Fig. 1 demonstrates for the case of CdSe:In
that the hypothesis of a continuous MIT at which σ ∝ T 1/2 qualitatively fails: At low T , it
yields the wrong sign of dw/dT . This feature is common to various disordered materials [3].
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Figure 1: Temperature dependences of the logarithmic derivative of the conductivity, w, for
crystalline CdSe:In obtained from Fig. 1 of [4]. For comparison with localisation theory, the
dashed-dotted lines represent w(T ) resulting from hypothetical σ = a+b T 1/2 with a/b = 1/5,
1, and 5 (from top to bottom). Net dopant concentrations ñ, given as multiple of 1017 cm−3,
are taken from Tab. I of [4].

[1] T. Siegrist, P. Jost, H. Volker, M. Woda, P. Merkelbach, C. Schlockermann, and M.
Wuttig, Nature Materials 10, 202 (2011).

[2] H. Volker, P. Jost, and M. Wuttig, Adv. Funct. Mater. 25, 6390 (2015).

[3] A. Möbius, http://arxiv.org/pdf/1308.1538v3.pdf.

[4] A. Aharony, Y. Zhang, and M.P. Sarachik, Phys. Rev. Lett. 68, 3900 (1992).
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S-matrix solution of Lippmann-Schwinger equation for regular
and singular potentials

J. A. Oller

Dep. Física – CIOyN, Universidad de Murcia, Murcia, Spain

We have derived a new method based on S-matrix theory to solve two-body scattering
in quantum mechanics that can applied to both ordinary and singular potentials. A new
equation  in  scattering  theory  is  derived  that  allows  one  to  calculate  exactly  the
discontinuity  of  the  T-matrix  along  the  left-hand  cut.  For  an  ordinary  potential  the
method  reproduces  the  standard  results  for  scattering  based  on  the  Lippmann-
Schwinger  (or  Schrödinger)  equation,  while  for  singular  potentials  this  new method
provides unambiguous solutions. These are renormalized solutions, satisfying all the
required  analytical  and  unitarity  properties  for  a  partial-wave  amplitude  and  being
independent of  regulator (e.g. a cutoff).  The method will  be exemplified with some
potentials extracted from two-nucleon interactions.
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Electronic properties of insulating granular Al thin films: 
a SKPM study

M.F. Orihuela1, M. Ortuño1, A.M. Somoza1, T. Grenet2, J. Delahaye2, J.
Colchero1, and E. Palacios-Lidón1

1Dep. Física – CIOyN, Universidad de Murcia, Murcia, Spain
2Dep. MCBT Institut Néel-CNRS, Grenoble, France

Scanning  Kelvin  Probe  Microscopy  (SKPM)  is  an  excellent  tool  to  characterize  highly
disordered systems, where states are strongly localized and interactions are very important [1].
Although hopping mechanism has been studied for decades, important questions such as the
role of interactions or of correlated hops are still  open. The characterization of this kind of
system by SKPM offers the double opportunity of being able to observe nanoscopic properties
of interacting systems and to follow the excitation/relaxation behaviour for a quantity other than
conductivity. This can provide relevant information on the hopping transition rates and the grain
distance distribution and to discern the role of interactions in slow relaxation in disordered
systems. 

The charging properties of a high resistance granular Al thin film (10 nm thickness) growth on
an oxidized silicon wafer with a transistor-like architecture [2] have been studied. The surface
potential (VSKPM) evolution is monitored once the gate voltage (VG) is changed. A slowing down
charge entering/leaving effect from Al contacts to granular Al is observed. The VSKPM dynamics
cannot  be  explained  with  a  standard  diffusion  model,  applicable  to  bad  conductors  with
relatively  uniform  transition  rates  between  states.  Numerical  simulations  of  a  hopping
conduction model,  based on a network of capacitors and with an exponential distribution of
hopping rates, can reproduce our experimental results relatively well. 

Fig 1: (Left) Optical micrograph of the sample. Inset: SFM Topography image of the granular Al and Al
contacts (Δz=35nm) (Right) VSKPM evolution in the excitation phase, after VG has been switched from 0 to
3V (upper panel) and in the relaxation phase, after VG has been returned to its original value (lower
panel).

[1] M. Ortuño, E. Escasain, E. Lopez-Elvira, A.M. Somoza, J. Colchero & E. Palacios-Lidón, Sci. Rep. 6,
21647 (2016).
[2] T. Grenet, J.Delahaye, M.Sabra, and F. Gay, Eur. Phys. J. B, 56, 183-197 (2007).

Acknowledgements: This work has been co-financed by FEDER funds though the projects Ministerio de
Economia y Competitividad (MINECO, Spain) FIS2015-67844, CSD2010-00024 and ENE2013-48816-
C5-1-R -C02-01 and by the Fundacion Seneca 15324/PI/10 and 19907/GERM/15. 
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Hopping anomalous Hall effect in 2D disordered magnetic 
semiconductors. Berry phase mechanism.  

 

Oveshnikov L. N.1,2, Aronzon B. A.1,2, Rozhansky I. V.3, Averkiev N. S.3 and 
Tripathi V.4 

 
1 P.N. Lebedev Physical Institute RAS, 119991 Moscow, Russia 

2 NRC “Kurchatov Institute,” 123182 Moscow, Russia 

3Ioffe Institute, 194021 St. Petersburg, Russia 

4 Tata Institute of Fundamental Research, 400005 Mumbai, India 
 

While anomalous Hall effect (AHE) is rather well-understood in metallic ferromagnets, much 
less is known about the relevance of different physical mechanisms governing AHE in 
semiconductors especially under the hopping regime of conductivity. We have studied magnetic 
field and temperature dependences of Hall and longitudinal resistivities in GaAs/InGaAs/GaAs 
quantum well, with a remote Mn δ–layer in the hopping as well as drift regimes of conductivity. 
We have observed p-type conductivity and a peculiarity (peak or “shoulder”) in the temperature 
dependence of longitudinal resistivity, which is common for ferromagnetic (FM) materials near 
the Curie temperature Tc. In highly disordered structures we observed the transition to a hopping 
regime at temperatures lower than 40K, while in structures with lower disorder, well 
pronounced Shubnikov – de Haas oscillations were detected in magnetic fields B > 3T. 
The analysis of field and temperature dependences of anomalous Hall resistivity reveals a 
change of sign of the AHE as the temperature is lowered, while carrier concentration changes 
only weakly. Among the mechanisms proposed in the literature for AHE in insulators, the one 
related to a geometric (Berry) phase effect has been elusive in past studies. Here we report our 
experimental results including temperature and magnetic field dependences of AHE in strongly-
disordered two dimensional Mn δ-doped structures.  
We observed four temperature ranges with different parametric dependences Rxy(Rxx) 
corresponding to (with decreasing temperature) the crossover to hopping transport, 
ferromagnetic ordering, and to the puzzling appearance of a new AHE mechanism at low 
temperatures. In the drift transport dominated regime, we find the sign of AHE is positive 
relative to the ordinary Hall effect and the parametric dependence is described by a quadratic fit. 
This is reminiscent of scattering-independent mechanisms seen in metallic (Ga, Mn)As. Under 
the hopping regime we observed a nearly linear parametric dependence with a change of sign 
and slope at Tc.  
The low-temperature regime has another peculiarity - an inflection point corresponding to a 
temperature of 8 K. At this point, the parametric dependence is also close to linear but its slope 
(the derivative) changes sign. For Hall effect under hopping regime the hops between three 
centers should be taken into account. Below 8 K a Dzyaloshinskii–Moriya interaction of 
impurity spins on elemental triads in the presence of spin-orbit interaction becomes important. 
Such hopping contributes an additional geometric (Berry–Pancharatnam) phase that affects the 
Hall conductivity. To our understanding, this is the first observation of the geometric phase 
mechanism of the anomalous Hall effect in 2D semiconductor heterostructures [1]. 
 
[1] L.N. Oveshnikov, V.A. Kulbachinskii, A.B. Davydov, B.A. Aronzon, I.V. Rozhansky, N.S. Averkiev, 
K.I. Kugel, V. Tripathi, Scientific Reports 5, 17158 (2015). doi: 10.1038/srep17158 
 
Acknowledgements: The work was supported by Indian-Russian Grant DST-MES 14.613.21.0019 
(RFMEFI61314X0019).  
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Conducting polymers as electron glasses: surface charge 
domains and slow relaxation 
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It is well accepted that, due to the high degree of disorder, in polymeric materials the conduction 
occurs by phonon assisted hopping between localized states, involving the formation of 
polarons or bipolarons. Although it has been profoundly studied for the last decades, the 
complexity of conducting polymers prevents a full consensus about the underlying conduction 
mechanisms and in particular the way they relax after excitation far from equilibrium. 
 
The nanoscale surface potential (SP) of conducting polymers has been studied with scanning 
Kelvin probe microscopy. The electron glass model, which assumes that charges are localized 
by the disorder and that interactions between them are relevant, is employed. At equilibrium, we 
find surface potential domains with a typical lateral size of 50 nm, basically uncorrelated with 
the topography and strongly fluctuating in time. These fluctuations are about three times larger 
than thermal energy. The charge dynamics is characterized by an exponentially broad time 
distribution. When the conducting polymers are excited with light the surface potential relaxes 
logarithmically with time, as usually observed in electron glasses. In addition, the relaxation for 
different illumination times can be scaled within the full aging model (Fig. 1). 
 
 

 
 
Fig 1: (a) SP evolution for three different illumination times measured from the instant in which light is 
switched on (vertical solid line). The dashed vertical lines show the time at when the light is switched off. 
The horizontal line is the average SP at equilibrium. (b) same data as in top panel as a function of t/tw on a 
logarithmic scale. 
 
 
 
 
 [1] Ortuño M, Escasain E, Lopez-Elvira E, Somoza A M, Colchero J and Palacios-Lidon E, Sci Rep 6 
21647 (2016) 
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Abstract	
We	present	results	obtained	on	quasi-1D	channels	formed	by	electrostatic	confinement	of	
the	high	mobility	electron	gas	in	the	GaAs-AlGaAs	hetersostructures.	When	the	confinement	
is	weakened	a	single	line	of	electrons	can	split	into	two	in	order	to	minimise	the	electron-
electron	repulsion.	In	this	work	we	have	used	an	assymetric	confinement	potential	to	
investigate	how	a	line	of	electrons	can	split	in	this	way.	It	is	found	that	there	can	be	two	
potential	configurations	which	give	rise	to	the	ground	state	comprising	two	rows,	but	also	
there	can	be	situations	where	the	formation	of	the	two	row	ground	state	occurs	in	the	same	
physical	location.	It	is	thought	that	this	is	due	to	the	influence	of	the	background	disorder.	
The	nature	of	the	transition	between	one	and	two	rows	can	either	be	of	anti-symmetric	and	
symmetric	type,	the	occurrence	of	each	type	will	be	discussed	along	with	the	multiplicity	of	
level	crossings	which	occur	when	the	spin	degeneracy	is	lifted.	



Non-ergodic and insulating phases of Josephson Junctions Arrays
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We present a study of superconducting island coupled by Josephson junctions arrays. Our
main findings are (i) a non-ergodic metallic phase and (ii) the existence of Many-Body lo-
calization (even in the absence of disorder). We pay special attention to the evolution of
Von Neumann entanglement and to the properties of eigenstates in the non-ergodic extended
regime. Finally, we argue that Josephson junctions arrays are adequate for the experimen-
tal verification of Many-Body Localization due to the high degree of isolation that can be
achieved in those systems.
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Figure 1: Phase diagram of one dimensional Josephson junction array. The MBL phase
transition separates the non-ergodic bad metal with exponentially large but finite resistance
from the insulator with infinite resistance. Cooling the non-ergodic bad metal transforms
it into a good ergodic metal. The points show approximate positions of the effective T/EJ

for the quantum problem with a finite number of charging states. The red stars indicate
insulator, blue circles bad metal, and squares good metal.

[1] M. Pino, L. B. Ioffe, and B. L. Altshuler, PNAS 2016 113 (3) 536-541, 2015,
doi:10.1073/pnas.1520033113.
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Long range transfer of interacting electrons in quantum dot 
arrays 
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Superpositions of indirectly coupled states are possible in quantum mechanics even when the 
intermediate states are far apart in energy. This is achieved via higher-order transitions in which 
the energetically forbidden intermediate states are only virtually occupied. Interest in such long-
range transitions has increased recently within the context of quantum information processing 
with the possibility of low dissipation transfer of quantum states or coherent manipulation of 
two distant qubits. Recent experiments in triple quantum dots coupled in series show clear 
evidence of charge and spin electron exchange between the outermost dots [1-3]. Also  long-
range transport in ac driven triple dots, where transitions between distant and detuned dots are 
mediated by the exchange of photons has been investigated[4]. I  will review recent experiments  
and theoretical results on long range electron transport in quantum dot arrays. 
 
Harnessing the effects of topology has also recently become possible, in which edge states 
provide lossless transport that is protected against disorder. I will show how to induce long-
range transfer of two interacting electrons  between the two ends of a dimer chain, by coupling 
states that are delocalized just between the chain’s end-points. 
First  I will show how a repulsively bound-pair of fermions, known as a doublon, can be 
transferred from one end of the chain to the other via topological edge states. I then show how 
non-topological surface states of the familiar Shockley type can be used to produce a similar 
form of transfer under the action of a periodic driving potential. Finally I will show that 
combining these effects can produce transfer by means of more exotic topological effects, in 
which the driving field can be used to switch the topological character of the edge states[5], as 
measured by the Zak phase. Our results demonstrate how to induce long range transfer of 
strongly correlated particles by tuning both topology and driving[6] 
 
 
 
 
 
 
[1] M. Busl et al., Nature Nanotech. 8, 261 (2013). 
[2] F. Braakman et al., Nat. Nanotech., 8, 432 (2013). 
[3] R. Sánchez et al., PRL, 112, 176803 (2014). 
[4] F. Gallego-Marcos,  R. Sánchez and G. Platero, PRB, 93, 075424 (2016) 
[5] A- Gómez-León and G. Platero, PRL, 110, 200403 (2013) 
[6] M. Bello, C.E. Creffield and G. Platero, Scientific Reports, 6, 22562 (2016). 
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Why many-body effects are important in Anderson insulators
with interactions

 Michael Pollak

 Department of Physics, Univ. of California Riverside, USA

A widely held model for Anderson insulators where Coulomb interactions are important
is based on a one-particle picture. The talk will present arguments that such a model is
unrealistic, for a number of reasons. Several issues will be addressed: the one-particle
density  of  states,  transport,  glassy  properties  and the effect  of  interactions  on the
Anderson localization. 

Many-body effects strongly influence the one-particle density of states (DOS) near the
chemical potential, while confinement to one-particle processes result in a quadratic
DOS  dependence  on  energy  E  around  the  Fermi  level,  inclusion  of  many-body
processes that allow electrons to stay further apart, results in a much harder gap [1].

The one-particle transport theory was based on the quadratic DOS [2]. The result is the
well  known  ln( )  ~  (T 0/T)-1/2 law.  Such  behaviour  has  been  often  reported  when
interactions are important and, to a large degree, this is the reason why the E2 law for
the DOS has been accepted even though many-electron processes greatly alter it. A
one particle  transport  theory has particles  move independently  of  each other  while
interactions  naturally  bring  about  some  correlation  in  the  motion  of  particles.  In
particular, two important dynamical correlations are collective transitions of electrons
and sequentially correlated transitions.  Neither of these can be incorporated in a one-
particle transport theory; incorporating them renders the one-particle DOS irrelevant to
transport while resulting in the (T0/T)-1/2 law. Arguably it is the many-electron processes
that account for this dependence.

Systems with a high electron concentration were observed to exhibit glassy properties,
in particular a very slow logarithmic relaxation and aging effects [3]. Interestingly, it was
shown that such properties can be qualitatively accounted for also by the one particle
model  [4].  However,  quantitatively  this  model  falls  short  of  justifying  the  observed
extremely  slow  relaxation.  Systems  that  fail  to  equilibrate  during  any  realizable
experimental  time need not  exhibit  the (T0/T)-1/2 relation,  since that  was derived for
equilibrium conditions. 

Finally  some  work  on  the  effect  of  long-range  interactions  on  localization  will  be
summarized, in particular the possibility that such interactions may lead to collective
many-body delocalization where a similar  but  non-interacting system would be fully
localized. 

[1] A.L. Efros, J. Phys. C 9, 2021 (1976)
[2] A. L. Efros and B. I. Shklovskii, J. Phys. C 8, L49 (1975)
[3] M. Pollak, M. Ortuno and A. Frydman,  The Electron Glass,  Cambridge University
Press, 2013 and
     references therein.
[4] A. Amir et. al., Phys. Rev. B 77, 165207 (2008) 
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MBL-to-ergodic transition from the perspective of displacement
transformations

Louk Rademaker1, Andres M. Somoza2, and Miguel Ortuño2
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The phenomenon of many-body localization (MBL) can be understood in terms of the
existence of localized integrals of motion (IOMs). However, the actual computation of
these  IOMs  throughout  the  phase  diagram  still  is  a  daunting  task.  Recently  we
developed  such  a  method,  based  on  sequential  displacement  transformations.
Because our method is not restricted to the MBL phase we are able to study how the
IOMs change at the MBL-to-ergodic transition. We present data on the structure of the
IOMs themselves, such as overlaps with original operators, as well as on the effective
interactions between the IOMs. Finally, we present yet another way of computing IOMs
using few-particle exact diagonalization and we will discuss possible future variations of
the displacement transformation method.
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The magnetic field-induced insulating state in amorphous
superconductors

Benjamin Sacépé
Institut Néel, CNRS Grenoble, France

When a highly disordered superconducting film is subjected to a strong magnetic field it
can undergo a  transition  to an insulating  state.  In  recent  years  this  insulator  drew
significant  interest  due to the body of  experimental  work  that  indicates that  charge
carriers in it are localized Cooper-pairs. In this talk we show that, at low temperature
(T<0.2K),  Cooper-pairs  undergoing  a  localization  transition  are  decoupled  from the
host-material  phonons.  This  allows  us  to  experimentally  investigate  an  interacting,
many-body quantum system of localized Cooper-pairs in a disordered potential.
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Localization transitions in disordered and quasiperiodic
interacting Bose superfluids

Laurent Sanchez-Palencia1

1 CNRS and Univ Paris-Saclay, Palaiseau (Paris), France

The dynamics of many-body quantum systems is attracting a growing attention, motivated by

the development of novel devices where parameters can be accurately controlled. In disordered

media, the interplay of interactions and localization still poses many challenging questions [1,2]

and  ultracold-atom  quantum  simulators  offer  fantastic  opportunites  to  address  them  with

unprecedented control [3]. Here we report recent theoretical work on Anderson localization in

many-body,  disordered  and quasiperiodic,  Bose superfluids  [4-7]. We show that, while  the

density  background is extended owing to strong-enough repulsive interactions, Anderson

localization  survives  at  the many-body-excitation  level.  We develop an analytical approach

valid in arbitrary dimension, which allows us to derive quantitative predictions, and draw a clear

physical picture. We  also  report  numerical  calculations,  which  confirm  our  analytical

predictions. The disordered and quasiperiodic cases are discussed and compared. Implications

on experiments with disordered ultracold atoms are discussed.

Fig 1: Localization diagram as a function of the interaction strength (U) and the quasiperiodic
amplitude (). It displays three regimes: (i) “extended regime” where the density background is 
connected and all excitations are extended; (ii) “fragmented regime” where the density background is 
fragmented; and (iii) “extended-localized regime” where the density background is connected and the 
excitation spectrum shows a delocalization-localization transition with exponentially localized high-
energy states and extended low-energy states. From Ref. [6].

[1] D. M. Basko and I. L. Aleiner and B. L. Altshuler , Ann. Phys 321, 1126 (2006).
[2] R. Nandkishore and D. A. Huse, Ann. Rev. Cond. Mat. Phys. 6, 15 (2015).
[3] L. Sanchez-Palencia and M. Lewenstein, Nat. Phys. 6, 87 (2010).
[4] P. Lugan et al., Phys. Rev. Lett. 99, 180402 (2007).
[5] P. Lugan and L. Sanchez-Palencia, Phys. Rev. A 84, 013612 (2011).
[6] S. Lellouch and L. Sanchez-Palencia, Phys. Rev. A 90, 061602(R) (2014).
[7] S. Lellouch, L.-K. Lim, and L. Sanchez-Palencia, Phys. Rev. A 92, 043611 (2015).
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Weakly and strongly interacting two level systems in
disordered and amorphous solids

Moshe Schechter1
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Amorphous  solids,  disordered  lattices,  and  many  other  disordered  systems  show
remarkably universal specific heat and acoustic properties at low temperatures. These
properties are partially explained by the phenomenological "standard tunneling model",
which assumes the generic presence of low energy excitations in the form of two-level
systems.  However,  the  nature  of  these  tunneling  states,  and  the  smallness  and
universality  of  the  relevant  dimensionless  parameter  ("tunneling  strength")  dictating
phonon attenuation,  are long standing open questions.  Recent  interest  in  two-level
systems  and  their  properties  arose  with  their  crucial  role  in  the  decoherence  of
superconducting qubits, and the complementary possibility to manipulate and measure
single two-level systems. In this talk I will present our model for two types of two-level
systems, differing by their local symmetry, and consequently by their interaction with
the phonon field. The model is microscopically derived and numerically validated for
the  disordered  lattices,  a  significant  subgroup  of  the  systems  that  show  the  low
temperature universality. At the same time, within the two-TLS model the universality
and smallness of the "tunneling strength" is obtained, and recent experimental results
for  individual  TLS  decoherence  and  for  nonlinear  response  of  superconducting
resonators can be explained.

 



Transport in Interacting Disordered Systems 16

Competition between pairing enhancement and suppressed
phase coherence in coupled aluminum nanograins

Uwe S. Pracht1, Nimrod Bachar2,3,5, Lara Benfatto4, Guy Deutscher3,
Eli Farber2, Martin Dressel1, and Marc Scheffler1
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3 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University,
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4 ISC-CNR and Department of Physics, Sapienza University of Rome, Italy
5 Currently at Department of Quantum Matter Physics, University of Geneva, Switzerland

Deterministic  enhancement  of  the  superconducting  (SC)  critical  temperature  Tc is  a  long-
standing goal in solid-state physics. In a large variety of SC systems, the initial enhancement via
tuning of a control parameter is followed by a suppression of  Tc,  shaping a superconducting
dome in the phase diagram [1]. Although popular for high-Tc cuprate SC, the first appearance of
a SC dome dates back to the late 1960s in granular Al, i.e. thin films composed of nano-scaled
grains separated by thin insulating barriers, where grain-coupling acts as control parameter [2]. 

Using dc-transport and optical THz spectroscopy,  we studied the development of  Tc and the
fundamental SC energy scales - the SC energy gap Δ and the superfluid sti ffness J – as function
of grain coupling in order to explain the superconducting dome in granular aluminum by the
interplay  of  Δ  and  J [3].  Starting  from  well-coupled  grains,  Δ  grows  as  the  grains  are
progressively decoupled,  causing  the  unconventional  increase  of  Tc with  sample  resistivity.
When the grain-coupling is  suppressed further,  Δ saturates while the critical  temperature  Tc

decreases, concomitantly with a sharp decline of J, delimiting a SC dome in the phase diagram.
This crossover to a phase-driven SC transition is accompanied by a pseudogap surviving into
the normal state. We demonstrate that granular aluminum is an ideal test bed to understand the
interplay  between  quantum  confinement  and  global  SC  phase  coherence  due  to  nano-
inhomogeneity.  
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Comparative analysis of the temperature dependence of the paramagnetic susceptibility and  

hopping conductivity of the series of Ge:As samples with different compensation presented in 

this work. The purpose of the study was an attempt to detect the influence of a magnetic 

coupling to electron transport.  

Study of electron paramagnetic resonance in doped compensated Ge:As near the phase 

transition insulator - metal in the insulator state showed that in this material at low temperatures 

spins of shallow impurity are arranged in the "antiferromagnetic" (singlet) or "ferromagnetic" 

(triplet) pairs.  At temperature 6 > T > 20 K spins have antiparallel arrangement and formation 

of antiferromagnetic pairs is observed.  At lower temperatures antiparallel spin arrangement is 

changed to parallel [1,2]. 

Electrons pairs coupling changes electrons energy in impurity band and should lead to hopping 

transport change. 

It was established that at high temperatures (T > 20 K) conductivity is determined by a gas of 

free electrons in conductivity band and paramagnetic susceptibility follows Curie’s law.  In this 

temperature range, the spin concentration remains constant because of the no interactions 

between spins. 

The hopping transport between impurity band localized states takes place at low temperatures 

(T < 20 K). Temperature dependence of variable-range hopping for high compensated samples 

looks like σ~T-0.5 in this temperature range. Exponential temperature dependence becomes 

power-dependence with compensation decrease closer to Metal-Insulator transition. 

Paramagnetic susceptibility does not depend on temperature at this temperature. Spins start to 

have antiparallel arrangement and antiferromagnetic pairs are formed. 

At temperatures T < 8 K weakening of temperature dependence of localized electrons activation 

energy was observed. The transition from antiparallel to parallel spin coupling also happens at 

these temperatures and is accompanied with electron wave function transformation                

from s- to p- state. 
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We show numerical results pointing out to an emergent SO(5) symmetry at the ‘deconfined’
quantum critical point between the Néel antiferromagnet and the columnar Valence–Bond–
Solid, for a square lattice of spin-1/2s. The signatures of this symmetry are shown both in
the distribution of the order parameter and in the correlation functions. The emergence of
the SO(5) symmetry is strong evidence that the phase transition is continuous, despite the
violations of finite-size scaling observed previously in this problem.
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The superconductor insulator far from equilibrium

Dan Shahar1
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We  have  been  studying  the  insulating  state  bordering  with  superconductivity  in
disordered indium-oxide.  The transport  properties of  this  insulator  indicate  that  it  is
rather  unusual.  We will  describe recent  results  obtained from noise and non-linear
current-voltage  measurements,  and  Ohmic  transport  at  very  low temperatures.  We
associate them with non-ergodic properties of this insulator.
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Hopping magnetoresistance in irradiated monolayer graphene 
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Magnetoresistance (MR) in strongly irradiated monolayer graphene samples with variable-range 

hopping (VRH) mechanism of conductivity was measured at temperatures down to T = 1.8 K 

and in magnetic fields up to B = 8 T. It was observed that perpendicular magnetic field leads to 

negative MR (NMR), while parallel magnetic field results in positive MR (PMR) at low 

temperatures. NMR is explained on the basis of the “orbital” model in which perpendicular 

magnetic field suppresses the destructive interference of many paths through the intermediate 

sites in the total probability of the long-distance tunnelling in the VRH regime. At low fields, a 

quadratic dependence (|ΔR/R| ~ B2) of NMR is observed, while at B > B*, the quadratic 

dependence is replaced by the linear one. It was found that all NMR curves for different 

samples and temperatures are merged into one common dependence when plotted as a function 

of B/B* (Fig. 1). It is shown that B*~ T1/2 in agreement with theoretical predictions.  

PMR in parallel magnetic fields is explained by the alignment of electron spins which results in 

suppression of hopping transitions via double occupied states. 
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Fig. 1. The NMR data for different samples and different temperatures plotted as a function of normalized 

magnetic field B/B*. The arrows and numbers show the end of each curve and indicate the sample (2, 3, 4) 

and T. In insert, the NMR data are shown for small values B/B*< 1. 
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Quantum Levy flights and multifractality of dipolar excitations
in a random system
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I  consider  dipolar  excitations  propagating  via  dipole-induced  exchange  among
immobile molecules randomly spaced in a lattice.  The character of the propagation is
determined by long-range hops (Levy flights).   I analyze the eigen-energy spectra and
the multifractal structure of the wavefunctions. In 1D and 2D all states are localized,
although in 2D the localization length can be extremely large leading to an effective
localization-delocalization  crossover  in  realistic  systems.  In  3D  all  eigenstates  are
extended but not always ergodic, and I identify the energy intervals of ergodic and non-
ergodic states. The reduction of the lattice filling induces an ergodic to non-ergodic
transition, and the excitations are mostly non-ergodic at low filling.



Exchange-mediated spin transport in systems with hopping
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The conventional theory of hopping conduction [?] is focused on the description of the charge
transport in a system with localized electrons interacting with phonons. The typical example
of such a system is an impurity band in a doped semiconductor with compensation. Although
most experiments in these materials deal with charge transport some measured effects such
as interference magnetoresistance are known to depend on the degree of spin polarization.
Recent experimental results in organic materials where the charge transport is provided by
polaron hops reveal even more potent spin-dependant effects such as so-called OMAR (organic
magnetoresistance). The experimental discoveries attracted a significant interest to spin dy-
namic in systems with hopping conductivity, i.e. to the spin relaxation and transport. Most
of the theoretical studies consider the spin transport to be provided by hops of spin-polarized
electrons. This mechanism of the spin transport is closely related to the charge transport.
However, it was recently suggested [?] that exchange interaction can provide an additional
mechanism of spin transport that effectively decouple spin transport from the charge trans-
port. Such decoupling can be important to understand the puzzling results of experiments
with organic spin-valves.

The electron-phonon interaction providing the electron hops lead to the incoherent nature of
hopping charge transport. The exchange interaction is not sensitive to energy disorder that
leads to the Anderson localization of electrons and is weakly coupled to phonons. It suggests
that the exchange-mediated spin transport should be coherent. However, the exchange inter-
action is still sensitive to the positional disorder. We study the coherent exchange-mediated
spin transport numerically in a high magnetic field where it can be described it terms of
non-interacting spin excitations. We explicitly take into account the strong position disorder.

It is shown that at realistic electron concentrations and localization distances the Heisenberg
exchange interaction lead to delocalized spin excitation that can be described with a high
diffusion coefficient and can provide effective spin transport. This transport is especially
important at low temperatures when electron hops are suppressed. However, the spin-orbit
interaction can lead to the non-Heisenberg form of exchange interaction and to the Lifshitz
localization of the spin excitations.

[1] B.I. Shklovskii, A.L. Efros, Electronic Properties of Doped Semiconductors, Springer,
Berlin (1984).

[2] Z. G. Yu, Phys. Rev. Lett. 111, 016601 (2013)
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The phenomena of disorder causing localization in interacting systems, known as many-body
localization, has attracted a lot of attention in recent years. A related question which has
emerged is whether it is possible to have localization without disorder. There have been few
studies with contradictory conclusions. Motivated by one of them which does see localization,
we consider a simple bosonic system and show that it can indeed exhibit interaction-induced
localization in absence of any disorder. We provide physical insights into the mechanism
involved and support our results with analytical and numerical calculations.



Electrical spin orientation and spin-Hall effect in hopping regime
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The electrical spin orientation being a fundamental issue in semiconductor physics has a plenty
of possible practical implementations in spin-based devices [1]. Up to date both experimental
and theoretical efforts in this field were concentrated on the studies of free carriers with
the emphasis on heterostructures [2]. In the same time extremely long spin lifetimes and
precise spin detection and control are realized in ensembles of localized electrons and holes in
disordered systems [3]. The present work is aimed to fill the gap and to develop the microscopic
theory of current induced spin orientation in two-dimensional ensemble of localized electrons
along with the orbital dc spin-Hall effect in the hopping regime.

The microscopic origin of electrical spin orientation is the spin-orbit interaction leading to
spin rotations during the hops. Using the spin density matrix formalism we have shown that
spin generation and spin separation arise due to the interference of spin-dependent hopping
amplitudes in the triads of localization sites. Two competing mechanisms of spin generation
have been identified, see Fig. 1. In the framework of the percolation theory we have shown that
the dominant contribution to spin generation is given by the small triads with the distance
of the order of electron localization length, while the spin-Hall effect is defined by the larger
triads where the hopping times are of the order of hyperfine-mediated spin relaxation time.
We have performed the numerical simulations of spin dynamics and derived the analytic
expressions for the degree of current-induced spin orientation and spin-Hall conductivity in
the hopping regime.

Figure 1: Two mechanisms of electric current induced spin orientation in a two-dimensional
disordered system with Rashba spin-orbit interaction. (a) In the presence of electric current,
Ix the imbalance of spin-flip hops leads to spin orientation Sy ∼ Ix. (b) Spin current, Is,
caused by spin-Hall effect leads to separation of spins Sz and Sz̄, then the spins rotate with
opposite frequencies ±ΩSO during the hops, which also results in spin generation.

[1] B.M. Norman, et al., Phys. Rev. Lett. 112, 056601 (2014).

[2] L.E. Golub and E.L. Ivchenko, Phys. Rev. B 84, 115303 (2011).

[3] G.A. Intronati, et al., Phys. Rev. Lett. 108, 016601 (2012). A. Greilich, et al., Nat. Phys.
5, 262 (2009).
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Hopping transport in low-dimensional structures with quantum
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The present work includes two topics, first deal with the hopping transport through a set
of  parallel  chains  of  quantum dots,  grown by  molecular  beam epitaxy  of  Ge  on a
patterned  Si  (100)  (fig.1).  Large anisotropy  of  the  conductance  (up  to 4  orders  of
magnitude)  along  and  perpendicular  to  the  chains  was  observed  indicating  1D
character  of  the electron transport.  Strong non-Ohmic behavior  was observed,  with
different behavior at low and high bias voltages. In a low electric field the hole transfer
is limited by highly resistive tunneling barriers (`breaks') leading to the activation law,
whereas increase of  the bias voltages results in a crossover to quasi-1D transport
involving hopping between nearest neighboring chains. 

Second topic devoted to the temperature stimulated transition from macroscopic to
mesoscopic behavior in 2D array of non-ordered
Ge/Si  quantum  dots.  We  analyzed   the
mesoscopic  fluctuations  of  hopping  current
induced by light illumination in small size (~25 nm)
conductance  channel.  It  was  shown  that  the
temperature  dependence  of  the  fluctuation
amplitude is described by power function A ~  T-0.93

corresponded to the temperature dependence of
correlation  radius  Lc:  Lc~T-1.24.  This  result  is  in
agreement with theoretical dependence of Lc(T) for
hopping  transport  in  Efros-Schklovskii  regime.
From the comparison of  the  conductive  channel

size and transition temperature the correlation radius was estimated to be Lc(T)~ 130
nm at 4.2 K. 

fig.2
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The disorder induced Anderson transition is investigated numerically in terms of the finite size
scaling of the multifractal fluctuations of the eigenstates for a wide range of models, including
quantum percolation [1], the Anderson transition at the Wigner-Dyson symmetry classes [2]
and the disordered Dirac problem in QCD [3]. Determination of the critical parameters as
well as universal features are presented.

Based on our large scale numerical simulations and finite-size scaling analysis of the gener-
alized dimensions of the multifractal wave functions the quantum percolation is shown to
belong to the same universality class as the conventional Anderson transition. The crit-
ical parameters, as well as, general features are calculated for the Anderson transition in
the three Wigner-Dyson symmetry classes in good agreement with previous results based
on transfer-matrix techniques. Finally it is shown that the effective Dirac part of Quantum
Chromodynamics within the lattice approximation undergoes an Anderson-like transition of
the unitary class.

[1] L.. Ujfalusi and I. Varga, Phys. Rev. B 90, 174203 (2014)

[2] L. Ujfalusi and I Varga, Phys. Rev. B 91, 184206 (2015)

[3] L. Ujfalusi, M. Giordano, F. Pittler, T. G. Kovács, and I. Varga Phys. Rev. D 92, 094513
(2015)
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PT-symmetry mechanism for out of equilibrium phase
transitions
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The  vast  majority  of  natural  processes,  ranging  from  large-scale  flows  in  the
atmosphere and the evolution  of  ecological  systems to electric  charge and energy
transfer  in  technology,  occur  in  out-of-equilibrium  conditions.  However,  theoretical
description,  especially  concerning the instabilities  and dynamic phase transitions,  is
limited to a few specific situations. What hinders progress in out-of-equilibrium phase
transitions is the lack of a general principle governing non-equilibrium physics. Here we
present  a  non-Hermitian  Hamiltonian  approach  for  description  of  out-of-equilibrium
phase  transitions.  We  apply  our  theory  to  two  exemplary  far-from-equilibrium
phenomena:  dissipative  non-equilibrium dynamics  of  an open quantum spin system
and dynamic vortex Mott transition.  In spin system the imaginary part of the proposed
Hamiltonian describes effects of damping and the applied Slonczewski  spin-transfer
torque  (STT).  In  the  classical  limit,  our  approach  reproduces  Landau--Lifshitz--
Slonczewski dynamics of a large macrospin. We reveal the STT-driven parity-time (PT)
symmetry-breaking transition  corresponding to a phase transition from precessional
magnetization  dynamics  to  controlled  switching.  We  further  describe  the  critical
behavior of current-driven dynamic vortex Mott insulator-to-metal transition in terms of
the non-Hernitian Hamitonian invariant under the simultaneous parity and time reversal
operations. The dynamic Mott transition is identified as a PT symmetry breaking phase
transition, with the Mott insulating state corresponding to the regime of unbroken PT
symmetry with a real energy  spectrum. We establish that the imaginary part  of  the
Hamiltonian  arises  from  the  combined  effects  of  the  driving  field  and  inherent
dissipation.  We  derive  the  renormalization  and  collapse  of  the  Mott  gap  at  the
dielectric breakdown and describe the resulting critical behavior.
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Low Energy Properties of the Kondo chain in the RKKY regime
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We show that helical modes, which are robust against effects of disorder, can emerge
in interacting 1d systems due to spontaneous breaking of helical symmetry. This effect
is predicted to appear for Kondo Chains which consist of band electrons interacting
with an array of Kondo impurities. The helical symmetry is spontaneously broken if the
impurity density is high and the anisotropy of the exchange interaction is of the easy-
plane type. The symmetry is restored if the anisotropy is of the easy-axis type. The
point of the isotropic interactions corresponds to the quantum phase transition. We also
discuss realizations of Majorana fermions if the phase with broken helical symmetry is
in proximity to an s-wave superconductor.
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Flux Noise in Superconducting Qubits
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Quantum computers hold out the promise of being massively parallel and thus being
able  to  do  calculations  much  faster  than  conventional  computers.  In  an  ordinary
computer a bit is a 0 or a 1. A quantum bit (or a qubit) is a wavefunction that is a linear
superposition of a |0> state and a |1> state. The superconducting Josephson junction
qubit  is  one of  the leading candidates for  making a qubit.  A major  obstacle to the
realization  of  quantum  computers  with  Josephson  junction  qubits  is  noise  and
decoherence of the wavefunction. One of the major sources of noise is called flux noise
and is due to mysterious fluctuating magnetic spins on the surface of metals. We will
describe our recent proposal that the microscopic source of this flux noise is oxygen
molecules adsorbed on the surface.


