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PREFACE

SUPERSTRIPES AND HETEROSTRUCTURES AT ATOMIC LIMIT
Antonio Bianconi
Rome international Center for Materials Science Superstripes

New superconducting materials with higher critical temperature have been discovered by
the “trial-and-error” method of problem solving and accordingly the critical temperature
increased linearly with time since 1911.

Figure 1

The material science research extended its research field from metals made of a single atomic
elements to compounds made of multiple elements with complex chemistry. The maximum
critical temperature increases exponentially increasing the number of elements in the
chemical formula.

Figure 2

In 1993 it was proposed a materials by design approach for the high Tc problem. The new
HTS materials should be heterostructures at atomic limit made of first units made of atomic
layers (11), like graphene, with its specific electronic structure intercalated by second units
(22) with a different electronic structure playing the role of spacers. The charge transfer, the
lattice misfit strain between different units and the dopants are manipulated to tune the
chemical potential in the proximity of a 2.5 Lifshitz transition in the multiband metal where
a Fano like resonance between pairing channels in different Fermi surface spots occurs called
“shape resonance” in superconducting gaps.
This quantum interference effects gives both a suppression of the critical temperature and a
large amplification of the critical temperature at resonance.
The materials research after 2000 actually oriented his research toward these type of materials
with the discovery of HTS in biborides, where the active layers are honeycomb boron layers,
to intercalated HTS graphite where the active layers (11) are graphene layers and to cobalt
oxide superconductors where the active layers (11) are CoO2 atomic layers, to HTS pnictides
where the active layers (11) are FeAs layers, and recently to iron selenides HTS where the
active layers (11) are FeSe layers and (see Fig. 3).

Figure 3

These heterostrutures at atomic limit are generally very complex making unuseful the
theoretical explanation of the physical mechanism of HTS modeling of HTS as a
homogeneous system.
The interesting physics that led to the maximum critical temperature in these materials is
controlled by deviation from the average crystal structure: a) ripples of the active planes
under compressive or tensile microstrain due to the lattice misfit with the spacers b) localized
electronic states due to disordered defects in the spacers, c) complex band folding with
multiple subbands crossing the Fermi level in nanoscale puddles of ordered defects with a
periodic or quasi periodic superstructure, that modulate the electronic structure, magnetic
interactions, spin orbit coupling, ferroelectricity.
While a generic disorder was considered to be detrimental for the emergence of HTS for
many years now the focus is on particular lattice topologies, intricate nanoscale and
mesoscale textures, scale free distribution of puddles and ripples favoring high Tc.
Scientists looking for complexity get together at Santa Fe in January 1992 for the conference
on "Lattice Effects in High-Tc Superconductors" organized by Y. Bar-Yam, T. Egami, J.
Mustre-de Leon, & A. R. Bishop in January 1992, followed by two workshops on “Phase
Separation” the first organized by K.A. Müller and G. Benedek at Erice in italy in march
1992, and the second at Cottbus in 1993 organized by K.A. Müller and Sigmund, after the
clear phase separation in superoxygenated oxides observed by Jorgensen in the underdoped
regime.

The experimental findings of two electronic components and striped lattice nanoscale
domains in the CuO2 plane at optimum doping by Bianconi using x-ray spectroscopy and
resonant x-ray diffraction, and magnetic stripes of synchrotron by Tranquada using magnetic
neutron scattering, lattice fluctuations and phonon anomalies by Egami using PDF neutron
diffraction, charge stripes by De Lozanne using STM, and charge stripes by Zimmermann
using synchrotron radiation hard x-ray diffraction let to the organization of the series of
conferences “Stripes and high temperature superconductivity” held in Rome from 1996 to
2008.
In 2008 a new series of meeting on “superstripes” started in Rome, Italy 9–13 December
2008 called “‘FeAs High Tc Superconducting Multilayers and Related Phenomena’ the
second meeting superstripes 2010 on Quantum Phenomena in Complex Matter was held in
Erice, Italy, July 19–25, 2010, the third workshop and school Phase Separation and
superstripes”was held in Erice, Italy, July 11–17, 2012.
Superstripes is a generic name for a phase with spatial broken symmetry that favors the onset
of superconducting quantum order. This scenario emerged in the early 1990s when particular
metallic heterostructures at the atomic limit with a striped broken spatial symmetry have
been found to favor superconductivity while for many years a broken spatial symmetry was
expected to compete and suppress always the superconducting order.
Superstripes are type of supersolids i.e., phases displaying simultaneously different types of
order. In a crystalline solid, elementary constituents form a three-dimensional periodic lattice.
The spontaneous breaking of space translation invariance can give either full gaps in the
one-particle spectrum or partial gaps. In the case of partial gaps in specific spots of the kspace, the superconducting order of the electronic fermion gas, referred to as off-diagonal
long range order, coexists with broken symmetry of the lattice below a critical temperature
giving “superstripes”.
The lattice structure of heterostructures promotes the formation of the multiple
superconducting gaps, i.e. different condensates with different order parameters in
superstripes. Therefore this is a particular case of multiband superconductor or multigap
superconductor. In nanoscale phase separated complex systems multiple gap symmetries are
possible in different Fermi surfaces and in different spatial locations.
Exchange terms related with configuration interaction between different pairing channels

show interferences that can produce both negative interference effects, like Fano
antiresonances and positive effects like. One of the open problems is the role of complex
superconducting networks on superstripes (where the gaps are not only different in different
portions of the k-space but also in different portions of the real space) searching for particular
lattice and interaction topologies that favor high temperature superconductivity.
The aim of this international conference on
QUANTUM IN COMPLEX PHYSICS
sponsored by superstripes onlus, RICMASS and European Physical Society EPS is to bring
together top scientists working in different hot topics of today research
a) Nanoscale phase separation (KFeSe systems et al.)
b) Chiral symmetry and Superconductivity
c) Superconductivity in low dimensions
d) Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state
e) Granular arrays, Josephson junctions
f) Spin-orbit interactions
g) Multiferroics
h) Superconductivity at oxide interface
i) Ferroelectricity and superconductivity
j) Magnetism and superconductivity
k) Quantum electronics at molecular level
l) Complex anisotropic pressure effects
m) Multi gap systems, anisotropic pairing mechanisms
n) Anomalous electron-phonon interactions
in the island of Ischia to look for crossing points in the new physics of XXI century.
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Black holes and the emergence of the Fermi liquid
During the last quarter of a century the physics community has been wrestling with the
mysteries associated with strongly interacting electron matter. From a general theoretical
perspective this is about the problem of strongly interacting fermions at a finite density
where a mathematical theory that works under all circumstances is just lacking (the
infamous “fermion signs”). Are there zero temperature states of matter that do not break
symmetry while these are not Fermi liquids? Could it be that such “strange metals” have a
an automatic tendency to superconduct at a high temperature, in strong competition with
other forms of order? In a very surprising recent development, it appears that the so-called
gauge-gravity duality as discovered in string theory (the “AdS/CFT” correspondence)
describes in a very natural way such non Fermi-liquids. The bottom line is that the
quantum matter is mapped on the quantum physics of black holes in one higher
dimension, and one can then exploit the relative ease to compute matters on the weakly
coupled gravitational side to obtain the properties of the uncomputable strongly
interacting matter.

I will review some very recent developments: the discovery of the

semi-local quantum critical liquids, the way that these describe high Tc superconductivity
and a wealth of other orders, with as highlight the emergence of the Fermi-liquid.
Although it is far from clear to what extend these literally relate to the laboratory systems,
3

the proven merit of the black holes is that they demonstrate the possibility to think
differently.

Figure caption: A cartoon indicating how the balck holes of the gauge-gravity duality tie
together the physics of such differing states of strongly interacting quantum matter as the
quark gluon plasma and high Tc supercondutors.
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Evidence for chiral order in the pseudogap phase of the cuprates
Recent experiments in the original cuprate high temperature superconductor, La2xBaxCuO4,

especially near x=0.125, have revealed a remarkable sequence of transitions. In

a recent work we investigated such crystals with Kerr effect, which is sensitive to
chirality. Concurrent birefringence measurements accurately located the structural phase
transitions from high-temperature tetragonal to low temperature orthorhombic, and then to
lower temperature tetragonal, at which temperature (TK) a strong Kerr signal was observed
to onset. Careful investigation of the symmetry of the Kerr signal confirmed the “universal
character” of the electronic state in the pseudogap regime of the cuprates. The inability to
train the Kerr signal with an applied magnetic field while cooling the sample through TK is
a general property of all measured cuprates. When measured on parallel, opposite faces of
the same sample, the Kerr signal shows the same onset temperature, similar magnitude
and the same sign. Arguing that for all measured crystals the Kerr signal also coincides
with some form of charge ordering, we propose that the cuprates posses a “gyrotropic”
order in the pseudogap regime.
Indeed, a finite Kerr effect can arise in a time-reversal invariant dissipative medium that is
“gyrotropic”, for example, one that breaks inversion and all mirror symmetries. Examples
of such systems include electron analogs of cholesteric liquid crystals, and their
descendants, such as systems with chiral charge ordering. We present arguments that the
striking Kerr onset described above, is evidence of chiral charge ordering. We discuss

5

additional experimental consequences of a phase transition to a gyrotropic state, including
the appearance of a zero field Nernst effect.
Pavan Hosur, A. Kapitulnik, S.A. Kivelson, J. Orenstein, S. Raghu, "Kerr effect as evidence
of gyrotropic order in the cuprates," arXiv:1212.2274 (accepted for Phys. Rev. B).
Hovnatan Karapetyan, M. Hucker, G. D. Gu, J. M. Tranquada, M. M. Fejer, Jing Xia, A.
Kapitulnik, "Magneto-optical signatures of a cascade of transitions in La2-xBaxCuO4,"
arXiv:1203.2977, Phys. Rev. Lett. 109, 147001 (2012).
Jing Xia, Elizabeth Schemm, G. Deutscher, S.A. Kivelson, D. A. Bonn, W. N. Hardy, R.
Liang, W. Siemons, G. Koster, M. M. Fejer, A. Kapitulnik, "Polar Kerr Effect
Measurements of YBa2Cu3O6+x: Evidence for Broken Symmetry Near the Pseudogap
Temperature," arXiv:0711.2494, Phys. Rev. Lett. 100, 127002 (2008).

The Kerr signal measured on a LBCO crystal is shown to (a) have the same sign when
measured on opposite surfaces of the crystal, and (b) its sign cannot be trained with
magnetic field.
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Observation of charge order in YBa2Cu3O6+x by high energy x-ray diffraction
M. v. Zimmermann*1, J. Chang2,3, E. Blackburn4, A.T. Holmes4, N. B. Christensen5, J.
Larsen5, J. Mesot2,3, Ruixing Liang6,7, D.A. Bonn6,7, W.N. Hardy6,7, M. Hücker8 , A.
Watenphul1, E.M. Forgan4, S.M. Hayden9
1Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany.
2Institut de la Matiere Complexe, Ecole Ploytechnique Federale de Lausanne (EPFL),

CH-1015 Lausanne, Switzerland
3Paul Scherrer Institut, Swiss Light Source, CH-5232 Villigen PSI, Switzerland
4School of Physics and Astronomy, University of Birmingham, Birmingham B15 2TT, UK
5Department of Physics, Technical University of Denmark, DK-2800 Kongens Lyngby,

Denmark.
6Department of Physics and Astronomy, University of British Columbia, Vancouver,

Canada
7Canadian Institute for Advanced Research, Toronto, Canada
8Condensed Matter Physics and Materials Science Department, Brookhaven National

Laboratory, Upton, New York, USA.
9H.H. Willis Physics Laboratory, University of Bristol, Bristol BS8 1TL, UK

Quantum oscillations of the Hall resistance and other physical properties in YBCO with
doping concentrations near 1/8 in high magnetic fields indicate the existence of small
Fermi surface pockets that might be caused by charge density wave order. We used high
energy x-ray diffraction to directly observe such a charge density wave in YBCO and
demonstrate that superconductivity and charge order are competing phases by determining
the charge correlation as a function of temperature, magnetic field and doping
concentration [1,2]. Surprisingly, reflections associated with charge order can be observed
7

already in zero field and at temperatures clearly above the transition temperature Tc of the
superconducting phase. A pronounced dependence of charge correlations on magnetic
field is only observed for temperatures below Tc. The results will be related to charge
order phenomena observed in other cuprate materials [3].

[1] J. Chang et al., Nature Physics 8, 871 (2012)
[2] E. Blackburn et al., arXive:1212.3836 (2012)
[3] M. Hücker et al., Phys. Rev. B 87, 014501 (2013)

key words: cuprate superconductors, charge order, x-ray diffraction, high magnetic field
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Cuprate Superconductor without a Magnetic Resonance or Spin Gap
The magnetic spin resonance seen by neutron scattering in cuprates has come to be viewed
as an essential feature of d-wave superconductivity. Here I will discuss inelastic neutron
scattering results on La2-xBaxCuO4, with x = 0.095 and a superconducting transition
temperature of 32 K [1,2], which demonstrate the absence of both the spin resonance and
a spin gap [3]. The magnitude of the low-energy spin response is not weak, but neither is
the superconductivity, as we have found it difficult to suppress the in-plane
superconducting correlations with a magnetic field [2]. These results demonstrate that the
spin resonance is not a crucial feature of cuprate superconductivity. Furthermore, the
absence of a spin gap indicates that there are electrons providing the spin response that do
not participate directly in the superconducting state. Connections with stripe physics will
be discussed.
1. J.S. Wen et al., Phys. Rev. B 85, 134512 (2012).
2. Z. Stegen et al., Phys. Rev. B 87, 064509 (2013).
3. Z.J. Xu, C. Stock, A. Kolesnikov, G.D. Gu, and J.M. Tranquada (unpublished).
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Figure:

Plot of superconducting transition temperature versus doping in La2-xBaxCuO4

from [2]. The vertical line indicates the composition that is the subject of this talk.
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Spectroscopic evidence for anomalous Fermi liquids
The Landau Fermi liquid, is recognized experimentally by an electrical resistivity that is
proportional to the square of the absolute temperature. There is also a frequency
dependent term which has received less attention since the experiments have to be
performed in the difficult far infrared region of the spectrum. Here we investigate the ratio
of these terms for the heavy Fermion metal URu2Si2. Calculations show that, if electronelectron scattering dominates the electron lifetime, in a Landau Fermi liquid, ρ(T,ω)=
A′'(ω2 + bπ2T 2) where b = 4. Using a sensitive optical technique we ﬁnd that instead of the
Fermi liquid value of 4 the coefficient b =1.0 ± 0.1 in the normal state of the heavy
Fermion metal URu2Si2[1]. This unexpected result implies that the electrons are
experiencing a novel scattering process. This scattering is intrinsic and we suggest that,
above 17.5 K, the uranium f electrons do not hybridize with the free spd electrons to form
a coherent Fermi liquid but instead act like a dense array of elastic impurities, interacting
incoherently with the charge carriers. Calculations by Maslov and Chubukov[2,3] show
that resonant elastic scattering in a Fermi liquid can yield a scattering rate where b = 1.
This behavior is not restricted to URu2Si2. Fermi liquid like states with b = 4 have been
observed in a number of disparate systems but the signiﬁcance of this result has not been
widely recognized.
[1] U. Nagel,T. Uleksin, T. R˜o˜om,R.P.S.M. Lobo, P. Lejay, C.C. Homes, J. Hall, A.W.
Kinross, S. Purdy, T.J. Williams, G.M. Luke and T. Timusk, PNAS 109, 1916119165 (2012), arXiv:1107.5574.
[2] D.L. Maslov and A.V. Chubukov, Phys. Rev. B 86, 155137 (2012).
[3] A.V. Chubukov and D.L. Maslov, Phys.
11

Figure 1: The optical resistivity ρ(ω) vs. photon energy at low frequencies
of URu2Si2. The experimental curves (solid lines) are compared to a Fermi
liquid ﬁt (dashed lines) with the coefficient A ' and an offset c(T )
determined by a least squares ﬁt to the experimental data. The inset shows
the temperature dependence of c(T )= AT 2, for the three lowest
temperatures. The slope of this curve yields an estimate of A =0.30µΩ cm
K−2 from optics.[1]Rev. B 86, 155136 (2012).
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Fermi liquid-like phenomenology of the pseudogap phase in the high-Tc cuprates
S. I. Mirzaei, D. Stricker, J. N. Hancock, C. Berthod, A. Georges, E. van Heumen, M. K.
Chan, Y. Li, M. Greven, N. Barisic, D. van der Marel *
DPMC, Université de Genève and University of Minnesota
Cuprate high-Tc superconductors on the Mott-insulating side of "optimal doping" (with
respect to the highest Tc's) exhibit enigmatic behavior in the non-superconducting state.
Near optimal doping the transport and spectroscopic properties are unlike those of a
Landau-Fermi liquid. For carrier concentrations below optimal doping a pseudogap
removes quasi-particle spectral weight from parts of the Fermi surface, and causes a
break-up of the Fermi surface into disconnected nodal and anti-nodal sectors. Here we
show that the near-nodal excitations of underdoped cuprates obey Fermi liquid behavior.
Our optical measurements reveal that the dynamical relaxation rate 1/tau(w,T) collapses
on a universal function proportional to w^2+(1.5 pi k_BT)^2. Hints at possible Fermi
liquid behavior came from the observed T^2-dependence of the DC resistivity for both
overdoped and underdoped cuprates, from the recent discovery of quantum oscillations at
low temperature and high magnetic field in underdoped YBa2Cu3O6+d and YBa2Cu4O8,
from the observation of the Fermi-Dirac statistics underlying the quantum oscillations, and
from the two-fluid analysis of nuclear magnetic resonance data. However, the direct
spectroscopic determination of the energy dependence of the life-time of the excitations provided by our measurements- has been elusive up to now. The data presented in this
article provide the final missing piece of evidence in favor of a Fermi liquid like scenario
of the pseudogap in the cuprates.
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Local Lattice Distortion in Fe Pnictides
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Local lattice distortion has been recognized to be an important element to understand the
behavior of complex oxides including cuprates [1] and manganites [2]. Not surprisingly it
is important for Fe pnictides as well. In Fe pnictides orthorhombic distortion to break
tetragonal symmetry is vital for magnetic ordering to occur, and rather small lattice
distortion results in strong anisotropy in the exchange interaction [3]. Using the PDF
analysis we found that the local lattice of undoped BaFe2As2 is more distorted than the
average structure, indicating local twin instability [4]. This local structural complication is
induced by phonon softening that occurs over a non-zero q range [5], and explains part of
the discrepancy in the magnitude between the average and local magnetic moments [6].
Upon doping the average orthorhombic distortion disappears, but local distortion remains,
consistent with the presence of local moment. Such a strong coupling between the lattice
distortion and magnetic moment implies a strong electron-phonon coupling via the spin
channel [7], which can be important in the superconductivity of the Fe pnictides.
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Fig. 1

The neutron PDF of BaFe2As2 up to 4 Å can be fit well by the model with

strong orthorhombic distortion, but it does not explain the PDF beyond 4 Å [4].

1. T. Egami and S. J. L. Billinge, Lattice Effects in High-TC Superconductors, in
Physical Properties of High Temperature Superconductors V, ed. D. M. Ginsberg
(World Scientific, Singapore, 1996) p. 265.
2. T. Egami, Local Atomic Structure of CMR Manganites and Related Oxides, in
Structure and Bonding, vol. 98, ed. J. B. Goodenough (Springer-Verlag, Berlin,
2001) p. 115.
3. L. W. Harriger, H. Q. Luo, M. S. Liu, C. Frost, J. P. Hu, M. R. Norman, and P. Dai,
Phys. Rev. B 84, 054544 (2011).
4. Jennifer L. Niedziela, M. A. McGuire and T. Egami, Phys. Rev. B 86, 174113 (2012).
5. Jennifer Niedziela, D. Parshall, K. Lokshin, A. S. Sefat, A. Alatas and T. Egami,
Phys. Rev. B, 84, 224305 (2011).
6. P. Vilmercati, A. Fedorov, F. Bondino, F. Offi, G. Panaccione, P. Lacovig,L.
Simonelli, M. A. McGuire, A. S. M. Sefat, D. Mandrus,B. C. Sales, T. Egami, W. Ku
and N. Mannella, Phys. Rev. B, 85, 220503 (2012).
7. T. Egami, B. Fine, D. Parshall, A. Subedi and D. J. Singh, Adv. Cond. Mat. Phys.,
2010, 164916 (2010).
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Phase diagrams of Fe based superconductors
The magnetic/electronic phase diagrams of several classes of iron pnictide
superconductors have been studied using a broad spectrum of experimental techniques,
such as NMR, µSR, ARPES, magnetometry, thermodynamics, x-ray diffraction, and
transport measurements. For most of the systems the well-known intimate interplay
between antiferromagnetism and superconductivity is apparent. There are, however,
qualitative differences in the phase diagrams, which could be related to details of the
structural/nematic order. For example, measurements of the electrical field gradient by
NQR in underdoped LaO1-xFxAsFe (and other 1111 type materials) yield clear-cut
evidence for a nanoscale order of charges and/or orbitals which is absent in other systems.
The role of this local order for the unusual electronic/magnetic properties of underdoped
1111 systems will be discussed.
In addition we will present detailed studies of LiFeAs showing superconductivity without
doping. From our measurements on the pristine material as well as hole and electron
doped compounds we do not find any evidence for strong antiferromagnetic correlations.
Instead, measurements of NQR, µSR, magnetisation and neutron diffraction reveal a weak
ferromagnetic order in hole doped LiFeAs. Based on our determination of the phase
diagram and the results from spectroscopic studies the possible relationship between this
unusual ferromagnetic state and superconductivity in stoichiometric LiFeAs is discussed.
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Observation of superconducting gap anisotropies in Fe-based
superconductors by ARPES

While most of the iron-pnictide superconductors show fully opened superconducting gaps,
some low-Tc materials such as KFe2As2 show line nodes. BaFe2(As1-xPx)2 is unique in that
its superconducting gap shows a signature of line nodes in spite of the relatively high Tc of
~30 K. Various possible line nodes, vertical, horizontal, or loop-like, have been discussed
primarily based on the spin-fluctuation-mediated superconducting mechanism.
We have performed a systematic ARPES study of the superconducting gap of
BaFe2(As1-xPx)2 in the entire 3D Brillouin zone [1]. Three hole Fermi surfaces around the
zone center were found to be fully gapped, while the superconducting gap of one of the
electron Fermi surfaces around the zone corner was found to be highly anisotropic,
suggestive of line nodes. A new superconductor of the same family, SrFe2(As1-xPx)2, was
also studied, and different results were obtained. The result can be explained if not only
spin fluctuations but also orbital fluctuations play an important role in Cooper paring.
This work has been done in collaboration with T. Yoshida, S. Ideta, H. Suzuki,
T. Shimojima, K. Ishizaka, W. Malaeb, S. Shin, Y. Nakashima, H. Anzai, A. Ino, M.
Arita, H. Namatame, M. Taniguchi, K. Ono, S. Kasahara, M. Yi, D. -H .Lu, M.
Hashimoto, Z. -X. Shen, T. Shibauchi, T. Terashima, Y. Matsuda, M. Nakajima, S.
Uchida, Y. Tomioka, T. Ito, K. Kihou, C. H. Lee, A. Iyo, H. Eisaki, T. Kobayashi, S.
Miyasaka, S. Tajima, H. Ikeda, R. Arita, T. Saito, S. Onari, and H. Kontani.
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[1] T. Yoshida et al., arXiv:1301.4818

Figure 1. Momentum dependence of the order parameter ∆ for x= 0.30 deduced from the
ARPES result. Color scale represents the magnitude and the sign of ∆.
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Superconductivity from the Fermilology.
We use angle-resolved photoemission at ultra-low temperatures (1K-ARPES) to study
iron-based superconductors. A number of materials from the 11, 111, 1111, 122, 245 and
1048 families have been studied. In some of them precise measurements of the
superconducting gap as a function of momentum allow us to draw conclusions as for the
structure and symmetry of the order parameter. In addition, we single out those details of
the low-energy electronic structure which are necessary for the superconductivity itself.
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Figure caption: a) 3D representation of the gap function as it follows from angleresolved photoemission (ARPES) measurements. Only two sets of the Fermi
surfaces are shown: those centered at Gamma-point and at the corner of the BZ.
b)-d) Other possibilities not supported by the experiment. (From S. V. Borisenko
et al. Symmetry etry 2012, 4(1), 251-264; doi:10.3390/sym4010251)

Recent papers:
[1] S. V. Borisenko et al. Cigar Fermi surface as a possible requisite for superconductivity
in iron-based superconductors arXiv1204.1316
[2] S. V. Borisenko, One-cubed ARPES User Facility at BESSY II, Synchrotron Radiation
News 25, iss.5, 6 (2012)
[3] S. V. Borisenko et al., Angle-resolved Photoemission Spectroscopy At Ultra-low
Temperatures, J. Vis. Exp. 68, e50129, DOI:10.3791/50129 (2012)
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Superconductivity and Fermi surface topology in Fe-based compounds
In conventional superconductors the pairing interaction Vk,k' is mediated by the exchange of
phonons. In the cuprates, in the Fe-based and in some f-electron systems other pairing
mechanisms at least contribute, and it is rather complicated to pin down the origin of Vk,k' .
Particularly in superconductors with strongly anisotropic energy gaps ∆(k) the coupling
2

spectrum or the Eliashberg function α F (ω) cannot be derived in a fashion similar to that
proposed by MacMillan and Rowell since the gap anisotropy mixes all relevant energies.
In the light scattering study presented here we correlate the evolution of the
superconducting properties of Fe-based compounds with the substitution-induced changes
of the electronic structure. We show ﬁrst that the selection rules for electronic Raman
scattering are generally anchored by the 1 Fe units cell [1, 2]. Then we demonstrate how
the collective modes found in Ba0.6K0.4Fe2As2 pave the way to derive crucial properties of
Vk,k' and the gap [3] as shown in Fig. 1. In particular, the B1g symmetry of the collective
modes argues for strong contributions from d-wave pairing channels while s-wave pairing
still prevails. Upon moving from hole-doped Ba0.6K0.4Fe2As2 to electron-doped
Ba(Fe1−xCox)2As2 the gap of the leading s-wave channel becomes more anisotropic due to
the inﬂuence of the d pairing, and the collective modes are strongly damped by the
continuum below the gap edge [1]. Finally, the disappearance of the central hole bands in
Rb0.8Fe1.6Se2 quenches s-wave pairing thus making nodeless d-wave the most probable
ground state. The synopsis of the results shows a systematic dependence of the pairing
21

states on the Fermi surface topology and a competition between s and d channels
supporting unconventional mechanisms to dominate the Cooper pairing in the iron-based
compounds.
References
[1] B. Muschler, W. Prestel, R. Hackl, T. P. Devereaux, J. G. Analytis, J.-H. Chu, and I.
R. Fisher, Band-and momentum-dependent electron dynamics in superconducting
Ba(Fe1−xCox)2As2 as seen via electronic Raman scattering, Phys. Rev. B 80, 180510
(2009).
[2] I. I. Mazin, T. P. Devereaux, J. G. Analytis, J.-H. Chu, I. R. Fisher, B. Muschler, and
R. Hackl, Pinpointing gap minima in Ba(Fe0.94Co0.06)2As2 via band-structure
calculations and electronic Raman scattering, Phys. Rev. B 82, 180502 (2010).
[3] F. Kretzschmar, B. Muschler, T. B¨ohm, A. Baum, R. Hackl, H.-H. Wen, V. Tsurkan,
J. Deisenhofer, and A. Loidl, Evidence of competing s-and d-wave pairing channels
in iron-based superconductors, arXiv:1208.5006.

Figure 1: Energy gaps and excitons in superconductors. (a) Mechanism for BardasisSchrieffer excitonic modes. (b) Most probable anisotropy of the energy gap in
Ba0.6K0.4Fe2As2. In Ref. [3] arguments are provided how the gap distribution shown here
is derived from the Raman spectra. The energy of the bound state Eb (red line) is largest
on the α band.
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Electrodynamics of Alkali-doped Iron Arsenide and Selenide Superconductors
We have used spectroscopic ellipsometry over a wide range of photon energies in
order to develop a comprehensive, highly accurate description of the optical conductivity
of

hole-doped

Ba0.68K0.32Fe2As2,

a

prototypical

iron-based

high-temperature

superconductor with minimal chemical disorder. The observed superconductivity-induced
infrared anomalies were analyzed in terms of a multiband Eliashberg model with a
bosonic mode whose characteristics are compatible with a spin fluctuation mode. Based
on high-energy ellipsometric data with unprecedented accuracy, we went on to discover a
highly unusual superconductivity-induced suppression of an absorption band at energy of
2.5 eV, more than two orders of magnitude larger than the superconducting energy gap.
The anomaly is interpreted as due to redistribution of the occupation of the different bands
below Tc, caused by an imbalanced lowering of the chemical potential in bands with
different superconducting gap energies.
We also report the complex dielectric function of nearly-stoichiometric
Rb2Fe4Se5, a compound that has attracted considerable attention because of the close
competition

between

antiferromagnetic

Mott-insulating

and

high-temperature

superconducting phases. We ascertained that the surprising optical properties of this
compound (which is optically transparent but superconducting) can be explained as a
consequence of nanoscopic coexistence of insulating and superconducting phases. We
subsequently used a combination of two complementary experimental methods – scanning
23

near-field optical microscopy and low-energy muon spin rotation – to elaborate that the
phases segregate on the nanoscale out of plane, resembling quasi-regular heterostructures.
Such self-organization indicates an intimate connection between the modulated
superconducting and antiferromagnetic phases.

Figure: (a) Superconductivity-induced anomalies in optical conductivity of Ba0.68K0.32Fe2As2 [2].
(b) Nanoscale layering of antiferromagnetic and superconducting phases in Rb2Fe4Se5 [3].

References:
[1] A. Charnukha et al., Phys. Rev. B 84, 174511 (2011);
[2] A. Charnukha et al., Nature Communications 2, 219 (2011);
[3] A. Charnukha et al., Phys. Rev. Lett. 109, 017003 (2012).
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Superconductivity in electron-doped and hole-doped T’-214 cuprates
without excess oxygen
Y. Koike, T. Adachi, A. Takahashi, M. Kato, T. Takamatsu and T. Noji
Department of Applied Physics, Tohoku University, Sendai, Japan.
We have succeeded in synthesizing superconductors with the Nd2CuO4-type structure (the
so-called T’-structure), namely, electron-doped Pr1.3-xLa0.7CexCuO4 with 0.05 ≤ x ≤ 0.10
and undoped and hole-doped La1.8-xEu0.2MxCuO4 (M = Ca, Sr) with 0 ≤ x ≤ 0.10,
eliminating excess oxygen through the reduction annealing [1,2]. In electron-doped T’Pr1.3-xLa0.7CexCuO4 single crystals with 0.05 ≤ x ≤ 0.10, it has been found that
antiferromagnets of the as-grown crystals change to be metals showing the Kondo effect
and finally superconductivity through the reduction annealing. These results suggest that
T'-214 cuprates without excess oxygen are intrinsically superconducting without carrier
doping, as pointed out by Naito's group [3] from the experiment using T'-214 films. In
fact, we have succeeded in synthesizing an undoped bulk superconductor of T’La1.8Eu0.2CuO4 with Tc = 20 K, using the structural transformation of La1.8Eu0.2CuO4 with
the K2NiF4-type structure (the so-called T-structure) at a low temperature and eliminating
excess oxygen through the reduction annealing. Moreover, we have succeeded in
synthesizing hole-doped bulk superconductors of T’-La1.8-xEu0.2MxCuO4 (M = Ca, Sr) with
x = 0.05 and 0.10, though Tc decreases with increasing x. We infer that the charge25

transfer gap between the upper Hubbard band of Cu3dx2-y2 and the O2p band is closed in
T’-214 cuprates without excess oxygen.
[1] T. Adachi, Y. Mori, M. Kato, Y. Koike, T. Nishizaki, T. Sasaki and N. Kobayashi,
submitted.
[2] T. Takamatsu, M. Kato, T. Noji and Y. Koike, Appl. Phys. Express 5, 073101
(2012).
[3] A. Tsukada, Y. Krockenberger, M. Noda, H. Yamamoto, D. Manske, L. Alff and M.
Naito, Solid State Commun. 133, 427 (2005).

Fig.: Temperature dependence of the magnetic susceptibility χ of reduced T’-La1.8xEu0.2SrxCuO4

with x = 0 and 0.05 measured in a magnetic field of 10 Oe on warming

after zero-field cooling.
Ref.: T. Takamatsu, M. Kato, T. Noji and Y. Koike, Appl. Phys. Express 5, 073101
(2012).
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Surface-enhanced charge-density-wave instability in underdoped Bi2201
Neutron and x-ray scattering experiments have provided mounting evidence for spin and
charge ordering phenomena in underdoped cuprates. These range from early work on
stripe correlations in Nd-LSCO to the latest discovery of charge-density-waves in YBCO.
Both phenomena are characterized by a pronounced dependence on doping, temperature,
and an externally applied magnetic field. In this study we show that these electron-lattice
instabilities exhibit also a previously unrecognized bulk-surface dichotomy [1]. Surfacesensitive electronic and structural probes uncover a temperature-dependent evolution of
the CuO2 plane band dispersion and apparent Fermi pockets in underdoped Bi2201, which
is directly associated with an hitherto-undetected strong temperature dependence of the
incommensurate superstructure periodicity below 130 K. In stark contrast, the structural
modulation revealed by bulk-sensitive probes is temperature independent [1]. These
findings point to a surface-enhanced incipient charge-density-wave instability, driven by
Fermi surface nesting. This discovery is of critical importance in the interpretation of
single-particle spectroscopy data and establishes the surface of cuprates and other
complex oxides as a rich playground for the study of electronically soft phases [1].
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Fig1. Temperature dependence of the superstructure modulations of UD15K Bi2201 [1].
(a) Typical LEED pattern measured at T = 6 K. The rectangular box in (a) highlights
the region shown in detail for T = 150 and 6K in (b) and (c), respectively. In (b,c)
symbols represent the data from a vertical cut along the center of the box in (a), while
blue and red curves are a Voigt fit of the Q1 and Q2 superstructure peaks. (d) Length
of the Q1 and Q2 superstructure vectors in Å-1 versus temperature, as inferred from
LEED and ARPES-MDC analysis. Note that, for the almost temperature independent
Q1, half of the actual value is plotted for a more direct comparison with Q2.

[1] J.A. Rosen, R. Comin, G. Levy, D. Fournier, Z.-H. Zhu, B. Ludbrook, C.N.
Veenstra, A. Nicolaou, D.Wong, P. Dosanjh, Y. Yoshida, H. Eisaki, G.R. Blake, F.
White, T.T.M. Palstra, R. Sutarto, F. He, A. Frano, Y. Lu, B. Keimer, G.A. Sawatzk
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Evolution of Energy Gap from Lightly to Optimally Doped La2-xSrxCuO4 Cuprate
How does high-temperature superconductivity emerge on adding mobile charged carriers
to an antiferromagnetic Mott insulator is a central issue for understanding the
unconventional superconductivity in cuprates. In underdoped cuprate superconductors,
because superconductivity is found in close proximity to magnetic and charge order, the
symmetry of the gap function is of critical theoretical importance. Using angle-resolved
photoemission spectroscopy to probe the electronic excitations of the lightly to optimally
doped La2-xSrxCuO4 (LSCO) [1,2,3], we revealed: 1) upon entering the superconducting
phase either by increasing hole-doping or by lowering temperature, the quasiparticle peaks
near kF along the zone diagonal sharpen, reflecting that the lifetime of quasiparticles
becomes considerably longer, and the quasiparticle peak width in the superconducting
phase is similar in the doping range from highly underdoped to optimally doped samples
(e.g. see Fig. 1b); 2) the gap function of highly underdoped LSCO (x ≤ 0.08) strongly
deviates from the pure dx2-y2-form at low temperatures in both non-superconducting and
superconducting phases - i.e., no node occurs on the zone diagonal and the entire
underlying Fermi surface is gaped (Fig. c-e); and 3) upon increasing temperature, the gap
function evolves from a nodeless gap to dx2-y2-wave, and then Fermi arc appears near the
zone diagonal and its length distends with further increasing temperature (e.g. see Fig.
1g). Our observations in highly underdoped LSCO could be explained either by a strong
fluctuating order competing with the superconducting instability or by a mixed dx2-y2 + idxy
gap function occurring when the doping is below a quantum critical point.
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Figure 1: (a) The phase diagram of cuprates. (b) The ARPES spectra of La2-xSrxCuO4 at
the kF on zone diagonal at 10 K, as a function of doping. (c-e) The symmetrized energy
distribution curves for La1.92Sr0.08CuO4 at kF indicated in (f), as a function of temperature.
(g) The gap function at various temperatures for La1.92Sr0.08CuO4. (Taken from ref. [3])
Reference
[1] M. Shi et al., Coherent d-wave superconducting gap in underdoped La2-xSrxCuO4 by
angle-resolved photoemission spectroscopy. Phys. Rev. Lett. 101, 047002 (2008).
[2] M. Shi et al., Spectroscopic evidence for preformed Cooper pairs in the pseudogap
phase of cuprates, Europhys. Lett. 88, 27008 (2009).
[3] E. Razzoli, G. Drachuck, A. Keren, M. Rodovic, N. C. Plumb, J. Chang, Y. B. Huang,
H. Ding, J. Mesot, and M. Shi, Evolution from a nodeless gap to dx2-y2-wave in
underdoped La2-xSrxCuO4,
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Fermiology in high-temperature superconductors.
Over the past quarter of a century, the understanding the metallic state of the hightemperature superconductors has been one of the most challenging and central topics in
physics. It is from this state that superconductivity evolves upon cooling. The enormous
amount of experimental work has been plagued by non-universal, material-specific results,
which has obfuscated the true nature of these materials.
Contrary to conventional wisdom, we find that the in-plane resistivity in the
pseudogap phase of the model cuprate HgBa2CuO4+δ (1) exhibits a quadratic temperature
dependence of the resistivity (ρ ∝ T2), the behavior of conventional Fermi liquids (2).
Through a collaborative effort optical conductivity measurement were performed and
yield the quadratic frequency dependence and temperature-frequency scaling expected for
a correlated Fermi liquid (3). We arrive so to the unexpected conclusion that, even close to
the insulating antiferromagnetic state at zero doping, the cuprates behave like nodal-Fermi
liquids.
By combining our dc resistivity results with published data for three structurally
more complex cuprates, we are able to obtain the universal sheet resistance throughout
most of the temperature-doping phase diagram (2). Theoretical models can now be
benchmarked against this universal result. Together with microwave results for
HgBa2CuO4+δ and several other compounds (4), we arrive at a revised phase diagram for
the cuprates.
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Modified phase diagram of the cuprates from
Ref 2. Antiferromagnetic (AF) order below TN
extends to nonzero doping. Quadratic resistive
(yellow) behavior (even at p = 0.01) extends into
the AF region. T*(p), and possibly also T**(p)
mark phase transitions. Tcoh corresponds to the
loss of antinodal quasiparticle coherence in
Bi2212,

as

experiments.

observed

in

Superconducting

photoemission
phase:

blue;

doping/temperature range of the superconducting fluctuations red; localization effects
green; p = 1/8 anomaly olive.
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Correlation between Fermi surface transformations and superconductivity in an
electron-doped high-Tc superconductor
M. V. Kartsovnik,*1 T. Helm,1 C. Putzke,2 E. Kampert,2 J. Wosnitza,2 C. Proust,3 S.
Baddoux,3 I. Sheikin,3 E. S. Choi,5 J. S. Brooks,5 N. Bittner,1 W. Biberacher,1 A. Erb,1 R.
Gross1
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The observation of magnetic quantum oscillations in the electron-doped cuprate Nd2xCexCuO4

(NCCO) [1,2] has demonstrated the very high crystal quality of the material and

opened new prospects for quantitative exploration of its Fermi surface. Here we present an
overview of our recent high-field magnetotransport studies of NCCO throughout the
superconducting doping range. By analyzing Shubnikov-de Haas oscillations observed for
a range of Ce concentrations, we show that the quantum critical point, associated with the
Fermi surface reconstruction by a weak superlattice potential of a magnetic origin, ∆,
coincides with the overdoped edge of the superconducting dome, xc = 0.175. Furthermore,
combined data on the quantum oscillations and Hall effect indicate a collapse of the
classical closed cyclotron orbits and a large energy gap emerging in the electronic system
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right below the optimal doping level, x0 = 0.145. The fact that the detected changes in the
Fermi surface topology occur exactly at the Ce concentrations corresponding to the
optimal doping and critical overdoping levels of the superconducting phase diagram (see
Figure), strongly suggests their close relation to superconductivity.
This work was supported by the German Research Foundation via Grant No. GR 1132/15
and EuroMagNET II under the EC Contract No. 228043

Figure: Phase diagram of electron-doped NCCO with two critical points at x0 and xc and the energy gap ∆
(red stars) associated with the superlattice potential in the overdoped regime.

[1] T. Helm et al., Phys. Rev. Lett. 103, 157002 (2009).
[2] M. V. Kartsovnik et al., New J. Phys. 13, 015001 (2011).
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STM/STS studies on antinodal pseudogap, electronic charge order and nodal
superconducting gap in high-Tc cuprates
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In this conference, we will report STM/STS studies on antinodal pseudogap (PG),
electronic charge order (ECO) and nodal superconducting gap (SCG) in high-Tc cuprates.
In high-Tc cuprates, the Fermi surface (FS) is divided into the nodal and antinodal parts,
corresponding to the coherent and incoherent electronic states, which are responsible for
the superconductivity and the ECO, respectively. The corresponding energy gaps, SCG
and PG, seem to compete with each other on the FS, giving rise to the suppression of
superconductivity in the underdoped region where the PG develops markedly. However,
the ECO/PG will not be only a foe of the high-Tc superconductivity. In the electronic
phase diagram, the SC phase is covered with the PG region and, the PG, accompanied by
the ECO, coexists with the high-Tc superconductivity in real space. These facts lead us to
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a speculation that the PG/ECO will be necessary for the occurrence of high-Tc
superconductivity, which has been strongly supported by recent studies on the relaxation
dynamics of PG and SC quasiparticles in optically induced SC/non-SC transitions of
Bi2212 using the two-color pump-probe technique (Y. Toda et al., PRB 84 174516
(2011)). On the basis of results in our STM/STS and pump-probe optical experiments in
Bi2212, we discuss the role of PG/ECO in the high-Tc cuprate superconductivity and
suggest that the PG/ECO will compete with the superconductivity in k-space but play a
role in its formation.
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Ferroelectricity and magnetoelectric coupling in underdoped high-Tc cuprates
In high-Tc cuprates, a wide range of exotic ground states is accessible by charge carrierdoping an antiferromagnetic Mott insulator, including short-range glassy phases and
superconductivity. However, the nature of the charge correlations coexistent with
antiferromagnetism in underdoped cuprates has remained unclear.

I will discuss

experimental evidence for carrier-doping resulting in the onset of ferroelectricity
accompanied by slow charge fluctuations [1, 2]. The presence of ferroelectricity and
magnetoelectricity indicate spin-charge coupling in lightly doped high temperature
copper-oxide superconductors (Fig. 1).
The observed magnetoelectric coupling leads to several novel effects including a feedback
enhancement of the magnetization below the ferroelectric transition and a predicted
magnetocapacitive effect. Our experimental studies have been addressed in terms of
material-dependent parameters sensitive to changes such as chemical doping.

The

discovery of ferroelectricity and magnetoelectric effect in the cuprate materials due to
charge carrier doping have sparked many questions for future studies. In particular, what
happens at higher charge carrier concentration and the relation of the above mentioned
observations to the unconventional ground state of the cuprate phase diagram.
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Figure 1. a. Out-of-plane (Pc) polarization at T=2.5K as a function of applied magnetic field for
H//c and H//ab. Red and green broken lines are guides to the eye. b. and c.: Temperature
dependence of Pc with respect to the applied magnetic field. d. In-plane polarization (Pab) at 2.5K
versus magnetic field for H//c and H//ab. Red and green broken lines are guides to the eye. e. and
f.: Temperature dependence of Pab for several applied magnetic fields. (Taken from Z.
Viskadourakis et al., Phys. Rev. B 85, 214502 (2012).)
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Stripe Phase and Superconductivity in La1.875Ba0.125CuO4
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Magnetism and superconductivity was studied in La1.875Ba0.125CuO4 by means of
magnetization and µSR experiments as a function of pressure up to p=2.2 GPa. An
unusual interplay between spin order and superconductivity was observed [1]. It was
found that the transition temperature of the stripe magnetic order and the size of the
ordered moment are not changed significantly by pressure. However, the magnetic volume
fraction of the static stripe phase strongly decreases linearly with pressure, while the
superconducting volume fraction increases by the same amount. Thus, the sum of the
superconducting and magnetic volume fractions is constant and is close to one. This
indicates that the magnetic fraction in the sample is directly converted to the
superconducting fraction with increasing pressure. The mechanism of this transformation,
however, is not clear at present and requires further studies. The present results provide
evidence for a competition between superconductivity and static magnetic order in the
stripe phase of La1.875Ba0.125CuO4, and that static stripe order and superconductivity occur
in mutually exclusive spatial regions. Our findings also suggest that a pressure of about 5
GPa would be sufficient to completely suppress the static stripe phase and restore bulk
superconductivity in La1.875Ba0.125CuO4.
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This work was supported by the Swiss National Science Foundation, the NCCR MaNEP,
the SCOPES grant No. IZ73Z0-128242, and the Georgian National Science Foundation
grant RNSF/AR/10-16.

[1] Z. Guguchia, A. Maisuradze, R. Khasanov, G. Ghambashidze, A. Shengelaya, and H.
Keller, “Tuning the static spin-stripe phase and superconductivity in La2-xBaxCuO4
(x=1/8) by hydrostatic pressure”, arXiv: 1303.3865v1.

Fig. 1: Color maps of the magnetic volume fraction (a), and the superconducting volume
fraction (b), in the static stripe phase of La1.875Ba0.125CuO4 as a function of pressure and
temperature. The lines are a guide for the eye.
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Low temperature anharmonicity and superconductivity in cuprates
Temperature dependent X-ray absorption spectra of the hole-doped La2-xSrxCuO4 and
electron-doped Nd2-xCexCuO4-δ high temperature superconductors were investigated above
the Cu-K absorption edge. For superconductive compositions (x = 0.15) it is shown that a
part of oxygen ions inside the CuO2 plane at low temperature oscillate in a double-well
potential, and their vibrations correlate with the transfer of the local hole (electron) pairs
[1,2]. Obtained data indicate the direct connection between experimentally observed local
dynamic structure nonuniformity and local dynamic charge ordering [1-3]. Based on the
experimental results, the phenomenological description of the relationship between the
electronic and local crystalline structures of the perovskite-like lattice is proposed. It
allowed us to explain the insulator-metal phase transition with hole or electron doping of
parent La2CuO4 and Nd2CuO4 insulators and to draw the following conclusions:
- the low temperature anharmonic vibrations of oxygen ions in the double-well potential
occur due to the local dynamic charge nonuniformity of the CuO2 plane arising from
different electronic filling of the upper antibonding Cu3dx2-y2-O2pσ* orbital of
neighbouring CuOn (n = 4,6) complexes;
- the existence of the collective rotational mode of the rigid CuOn complexes in the
perovskite-like structure promotes the phase coherence of oxygen ion vibrations in the
double-well potential and in the breathing mode at the local pair movement, that leads to
appearance of the coherent state at T<Tc.
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Experimental EXAFS-function χ(k) k2 of the first Cu-O(1) shell for Nd1.85Ce0.15CuO4-δ,
measured at 10 K, with model (left panel). The model potential (harmonic and doublewell) with energy levels E0, E1…. and total PRDF (grey line) (right panel) [2].
1. A.P. Menushenkov, A.V.Kuznetsov, R.V. Chernikov, A.A.Ivanov, V.V. Sidorov, K.V.
Klementev.
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K.V.Klementev J. of Physics: Conference Series 190, 2009, 012093.
3. A.P.Menushenkov J.Synhrotron Rad. 10, 2003, 369.
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Dipolar clusters and ferroelectricity in high Tc superconductors
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We show that doping of hole charge carriers induces formation of electric dipolar
moments in cuprates. A single dipole moment is created between the dopant ion outside
the CuO plane and a bound cluster of four holes in the CuO plane. The binding energy of
the cluster defines the activation energy of the two fluid model and the pseudo-gap
temperature [1]. Such dipoles may form a disordered state of dipolar glass or an ordered
state such as stripes depending on the preparation of the sample. The lowest energy of the
ordered system corresponds to a local anti-ferroelectric ordering. The mobility of dipoles
is very low at low temperatures and they prefer first to bind into dipole-dipole pairs.
Electromagnetic radiation interacts strongly with electric dipoles and when the sample is
subjected to it the mobility changes significantly. This leads to a fractal growth of dipolar
clusters. The existence of electric dipoles reveals a series of new phenomena such as
ferroelectricity or a strong light and microwave absorption. In the figure below we show
the ordered structure, which is dominated by the dipole-dipole pairs.
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Figure: Ordered structure of dipoles in the b,c-plane of La2CuO4+x.
Blue dots are the dopant Oxygen ions in the LaO plane and red
ellipses are the hole clusters bound to ions in the CuO-plane. The
distance unit is the length on the unit cell in c-direction (13.1 Å).
[1] F. V. Kusmartsev and M. Saarela, Supercond. Sci. Technol., 22, 014008 (2009)
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Correlated Electron Matter full of Unparticles

I will begin this talk by using the standard procedure in condensed matter to count
particles due to Luttinger. For strongly correlated models relevant to high-temperature
superconductors, I will show that this procedure cannot account for all the charged
degrees of freedom. The charged stuff left over cannot be given an interpretation in terms
of particles.
I will argue that the unparticle construction of Howard Georgi's makes up the difference. I
will then show that underneath the unparticle construction is a gauge theory in anti-de
Sitter space. Superconducting instabilities of unparticles as well as their fractional
exchange statistics will be explored.
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Quantum Critical Transport near the Mott Transition

According to early ideas of Mott and Anderson, however, the interaction driven metal
insulator transition – the Mott transition – remains a sharp T=0 phase transition even in
absence of any uniform ordering across the transition region. Should this phase transition
be regarded as a quantum critical point? To address this question, here we examine [1-3]
the phase diagram and transport properties of the maximally frustrated half-filled Hubbard
model, in the framework of dynamical mean-field theory (DMFT). We identify a
“quantum Widom line” (QWL) which defines the center of the corresponding quantum
critical region associated with Mott metal-insulator transition in this model. The evolution
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of resistivity with temperature is then evaluated along trajectories following (parallel to)
the QWL, producing a family of curves with characteristic “fan-like” shape, displaying
remarkable scaling behavior characteristic of quantum criticality. Precisely such behavior
was found both in very recent experiments on organic Mott systems,
experiments on diluted two-dimensional electron gases in silicon [3].
[1] H. Terletska, et al., Phys. Rev. Lett. 107, 026401 (2011).
[2] J. Vucicevic, et al., preprint, arXiv1210.7201.
[3] M. M. Radonjic, et al., Phys. Rev. B 85, 085133 (2012)
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Cuprates as Holographic Superconductors and their relation of Planckian
Dissipation to Dipolar Clusters Destruction
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We show that free hole current carriers have strong scattering on dipolar clusters. The
scattering becomes stronger when the doping increases and reaches its maximum at the
optimal doping. To estimate scattering time we have looked into a detail structure of
cuprates and formation there the individual dipole clusters. Their evolution with doping
indicates that there are vanishing in vicinity of optimal doping. Each dipole is formed by
four hole cluster located in the CuO plane and created by the many body over-screening of
the Coulomb attraction of these holes to the impurity or charge fluctuations located in
insulating spacer between superconducting CuO planes. The whole process of the cluster
formation is accompanied by the squeezing of the neighbouring oxygen octahedral or
other lattice distortions via a process, known as anti-Jahn-Teller effect. This process also
in turn provides both the doping and the holes for the cluster. The doped free holes form a
quantum strongly-correlated liquid and their many-body interaction in the stronglycorrelated regime provides the over-screening of the charged impurities that leads to the
formation of the four hole clusters. At optimal doping the screening of Coulomb
interaction lead to a formation of QCP and holographic superconducting state. It is
important to note that these four hole clusters represent a new type of elementary
excitations inherent to cuprates. It is important to note that they may exist even without
impurities. The charge fluctuations associated with the squeezing of the oxygen
octahedral, or other lattice distortions, locally, in insulating spacer originate in such
strongly correlated liquid a formation of the four holes cluster, which is however
metastable. The life time of such four holes cluster or such a fluctuations depends on the
hole doping. It is maximal at optimal doping x
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0.2. This effectively means that in the

region of the optimal doping there are continuous quantum fluctuations associated with
virtual formation of the four holes clusters. In other words the four hole clusters are
decoupled from dopant impurities and become mobile. They behave as quasi-classical
objects moving along nearly flat band formed by these four hole clusters.
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Spin glass behavior of underdoped cuprates due to freezing of
skyrmions in the spin spiral state
R. Kumar and O. P. Sushkov
YBa2Cu3Oy is the least disordered cuprate and hence it is the best testing ground for
understanding of generic properties of the entire cuprate family. Due to the low disorder
and unlike other cuprates the compound demonstrates usual metallic conductivity in the
antiferromagnetic phase at doping below x1 ≈ 6%. This is the critical concentration for
onset of superconductivity and simultaneously this is the Lifshitz Point (LP) for onset of
incommensurate static magnetic order (spin spiral). Moving further up in doping the static
incommensurate magnetic order propagates well inside the superconducting phase and
disappears at the magnetic Quantum Critical Point (QCP) at x2 = 9%. At doping above
the QCP the spin spiral order is fully dynamic.
In the present work we consider magnetic properties of the static

spin spiral

superconducting state at doping slightly above the magnetic LP where period of the spin
spiral is about 30 lattice spacing. Our analysis is based on Monte Carlo simulations of the
effective field theory developed in Refs. [1-4]. The aim of the present work is to make
predictions for polarized neutron scattering. Unlike La2-xSrxCuO4 [1] influence of the
quenched charge disorder on the spin structure of YBa2Cu3Oy is minimum.
We demonstrate that noncoplanar topological defects, skyrmions, significantly influence
the spin configuration. The defects develop when cooling the system. Skyrmions lead to
the spin freezing. An example of the obtained magnetic structure and the corresponding
map of the spin structure factor are shown in the Figure. The obtained spin configuration
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is metastable, nevertheless, because of the freezing, this is the configuration observable
experimentally.
[1] A. Luscher, A. I. Milstein, and O. P. Sushkov, Phys. Rev. Lett. 98, 037001 (2007).
[2] A. I. Milstein and O. P. Sushkov, Phys. Rev. B 78, 014501 (2008).
[3] O. P. Sushkov, Phys. Rev. B 79, 174519 (2009).
[4] A. I. Milstein and O. P. Sushkov, Phys. Rev. B 84, 195138 (2011).
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Left panel: Typical configuration of staggered spins.
Right panel: The map of the spin structure factor corresponding to the spin configuration.
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Critical Resistance and Superconductor to Insulator Transition
(SIT) in High-Tc Cuprates
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Following systematic probing of low energy electronic structure and superconducting
properties of strained high-Tc thin films [1], we have studied the field effect in cuprates
and observed striking superconductor-insulator transition (SIT) in La2-xSrxCuO4 films (see
Figure) [2].
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As we reviewed recently [3], in several p-type cuprates, the SIT occurs at the critical
sheet resistance approximately equal to the quantum resistance of pairs, RQ = h/4e2 = 6.5
kΩ In a relatively broad range of temperatures and doping levels near the quantum
critical point, the sheet resistance shows universal behavior and scaling characteristic of
two-dimensional quantum phase transition.
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Stripe-induced superconductivity in high temperature superconductors
Raman scattering disclosed that the charge transfer in the hole-doped cuprate is restricted
perpendicularly to the stripes. Superconducting pairs are created in the edge dislocations
and the restricted hopping causes the pseudogap.
In the previous STRIPES2012 conference we presented that the k|| and k⊥stripe magnetic
excitations can be separately detected in LSCO by Raman scattering, even if the stripes
are fluctuating. Furthermore it was found that the electronic scattering includes only
k⊥stripe magnetic excitations. It indicates that the charge hopping is restricted in the
direction perpendicular to the stripe. The direction is the same as the Burgers vector of
the edge dislocation of the stripe. The looped (bridged) edge dislocation has lower energy
than the single edge dislocation, because the spin orders on the both sides of the charge
stripe are anti-phase. Therefore the charge hopping is united with the looped edge
dislocation. The coherence length is as short as the inter-charge distance, intermediate
between BCS and Bose superconductivity, and the carrier density dependence is almost
the same as the inter-charge stripe distance below x=0.2. Therefore we concluded that the
superconducting pairs are created in the looped edge dislocations.
In this conference we show that the characteristic high-energy electronic Raman
spectra representing the k⊥stripe magnetic excitations are commonly observed in holedoped superconductors YBCO, Bi2212, and Bi2201. Therefore the above interpretation
can be expanded to other hole-doped superconductors.
The one-dimensional charge hopping perpendicular to the stripe suppresses the
part of the Fermi surface which has the group velocity perpendicular to the hopping
direction. The suppressed range decreases on increasing the carrier density. Thus the
pseudogap is naturally explained in our model.
Related papers
Direct Observation of k parallel to and k perpendicular to Stripe Excitations in La2xSrxCuO4,
S. Sugai, Y. Tamai, Y. Takayanagi, N. Hayamizu, and T. Muroi,
Journal of Superconductivity and Novel Magnetism 25, 1393–1397 (2012).
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Raman Studies of Anisotropic Magnetic Excitations in Fluctuating Nematic Striped La2xSrxCuO4 and the Comparison to Uniform Nd2-xCexCuO4,
S. Sugai, Y. Takayanagi, N. Hayamizu, Y. Sone, N. Nakagawa, T. Muroi,
arXiv:1302.4060.
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Superconducting pairing and the pseudogap in nematic striped La2-xSrxCuO4,
S. Sugai, Y. Takayanagi, N. Hayamizu, T. Muroi, R. Shiozaki, J. Nohara, K. Takenaka, K.
Okazaki,
arXiv:1302.6917v1.
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Fig. 1 (a) and (b): Dispersion of magnetic excitations in spin-charge stripes with x = 0.06 (d = 8,
blue), 0.08 (d = 6, green), and 0.125 (d = 4, red) in La2−x SrxCuO4 calculated by G. Seibold and J.
Lorenzana [Phys. Rev. B 73, 144515 (2006)]. (c) and (d): Raman spectra in La2−x SrxCuO4 at 5 K.
The numbered humps correspond to the separated dispersion pieces in (b).
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Frequency Dependence of Charge Susceptibility and
Softening Phonon Modes in Cuprates
M. V. Eremin and E. A. Andreeva
Kazan (Volga Region) Federal University, Kremlevskaya 18, 420008 Kazan, Russia
We derive the analytic expression for the dynamic charge susceptibility within t-J-G
model taking into account the electron-phonon coupling effect. Our results show that the
position of the maximum in the imaginary part of the charge susceptibility is strongly
frequency dependent and is also strongly influenced by the electron-phonon coupling. At
the static limit the strongest peak occurs near the wave vector Q = (π , π ) . Taking into
account the retardation effects we find that this peak becomes smaller and at optical
phonon frequencies it plays a minor role. Instead, the new peaks show up at the wave
vectors

(±q,0)

and Q1 = (0,± q ) , where

q is the incommensurate momentum and for

various sets of parameters it is located in the interval 2π

/ 3 ÷ π / 2 . This results strongly

support the idea of the dynamical nature of the charge density waves ( CDW or stripe ) in
layered cuprates. We argue that the peaks at the incommensurate momentum explain the
peculiarities of softening of the half-breathing phonon mode, which were observed by the
neutron and by the X-ray scattering experiments (see for Rev. [1]).
This work was supported in part by Swiss National Science Foundation, Grant IZ73Z0
128242.
[1] D. Reznik, Advances in Condensed Matter Phys. 2010, 523549 (2010).
Key words: charge susceptibility, dynamical stripes, CDW.
56

57

Wei Ku
Brookhaven National laboratory, Bldg. 510A, Upton NY 1173, USA
weiku@bnl.gov
Wei Ku, male, condensed matter physicist, graduated from physics department, University of
Tennessee in 2000. He conducted his postdoctoral research in University of California at Davis
2000-2003, and became a physicist in Brookhaven National Laboratory in 2003. He has published
more than 65 papers, at least half of which are in prestigious journals like Physical Review Letter,
Proceeding of National Academy of Science, and Natural Physics. His research area includes firstprinciples theoretical study of electronic structure of materials and their excitation, and related
computational method development. In recent years, he focused on strongly correlated materials
and disorders in functional materials, and proposed a new picture for the superconducting gap in
the high-temperature superconducting cuprates.

Weak doping dependence of transverse velocity in underdoped cuprates
Recent high resolution angular resolved photoemission spectroscopy has revealed a
surprising nearly doping-independent transverse velocity in the nodal region of
underdoped cuprates [1,2], in great contrast to the strong doping dependent
superconducting transition temperature. This behavior is qualitatively incompatible with
the standard Bogoliubov quasi-particle picture currently employed in the field, and implies
a fundamentally new regime of physics. Here, we will show analytically that this novel
behavior follows naturally the recently derived kinetic nature of the quasi-particle gap in
the strong binding limit [3]. This realization further confirms the strong pairing nature of
the superconductivity and the novel nature of superconducting gap in underdoped
cuprates. In essence, our analysis indicates that almost the entire superconducting dome
in the cuprates is dominated by strong phase fluctuation, and thus falls into the bosonic
condensate regime, instead of the electron pairing regime in standard theories of
superconductivity. It also suggests the crucial need for future experiments in both the
underdoped and the overdoped regime.
[1] PRL 104, 207002 (2010)
[2] PNAS 109, 18332 (2012)
[3] PRX 1, 011011 (2011)
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Phases that “comperate” with unconventional superconductivity
Typically unconventional superconductivity appears close to ordered phases, which
suggest some degree of cooperation, but disappears for obvious reasons well inside the
ordered phase which indicated competition thus “comperate” in the title stands for
compete+cooperate. I will first discuss the case of iron based superconductors where a
density functional study allows to identify the presence of a quantum tricritical point in the
phase diagram which suggest a regimen of strong quantum fluctuations particularly
favorable to high-Tc superconductivity[1,2,3]. In cuprates the phase diagram is less clear
due to the presence of a mysterious pseudogap phase for which it is not known which is
the order parameter or which are the broken symmetries. I will discuss a recent proposal
where a well defined broken symmetry survives despite the strong disorder which has an
unexpected link with ferroelectricity[4].
Work done in collaboration with: G. Seibold, M. Capati, C. Di Castro, M. Grilli, S.
Caprara, G. Giovannetti, C. Ortix, M. Marsman, M. Capone, J. van den Brink.
Landau energy surface from DFT computations for doped LaFeAsO as a function of
doping and magnetic order parameter (Bohr magnetons). Unlike an ordinary second order
phase transition, the energy is extremely flat close to the critical point due to the proximity
to a tricritical point. This suggest an anomalously large degeneracy close to the critical
point which can create a particularly favorable environment to boost superconductivity.
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[1] J. Lorenzana, G. Seibold, C. Ortix, and M. Grilli, Phys. Rev. Lett. 101, 186402
(2008).
[2] M. Capati, M. Grilli, J. Lorenzana, Phys. Rev. B 84, 214520 (2011).
[3] G. Giovannetti, C. Ortix, M. Marsman, M. Capone, J. van den Brink, and J.
Lorenzana. Nature comm. 2, 398 (2011).
[4] G. Seibold, M. Capati, C. Di Castro, M. Grilli, and J. Lorenzana. "Hidden
Ferronematic Order in Underdoped Cuprates”, Phys. Rev. B 87, 035138 (2013).
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Time-dependent Gutzwiller approximation: Application to correlation effects
for local and transitive electronphonon couplings in cuprate superconductors
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Transition metal compounds are usually characterized by strong electronelectron and
electronphonon interactions. The interplay of these interactions can give rise to a large
variety of interesting electronic properties which also reflect in the energy and momentum
structure of the phonons. The analysis of phonon renormalization in a strongly correlated
electron system is usually based on Hubbardtype models and the implementation of the
electronlattice coupling is possible via the dependency of onsite energies and of hopping
integrals as a function of some atomic coordinates. We will apply the timedependent
Gutzwiller approximation (TDGA) to the investigation of this problem which has been
recently extended towards the inclusion of the variational parameter dynamics in the
computation of response functions. The TDGA allows to treat both, local and transitive
electronphonon couplings on the same footing. In particular we will consider a model
for the CuO2 plane of highTc superconductors where the charge carriers are coupled to A1g
and B1g symmetric outof plane vibrations of the oxygen atoms in the presence of local
Hubbard correlations (cf. Figure below). We find that these transitive couplings can even
be

enhanced

by

correlations for certain

momenta

and

symmetries of

the

vibrations contrary to local electronphonon couplings . While this effect may be important
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for certain properties, we find that, with regard to superconductivity, electronelectron
correlations still generically lead to a suppression of the pairing correlations.

G. Seibold, M. Grilli, and J. Lorenzana, Phys. Rev. B 83, 174522 (2011).
E. von Oelsen, A. Di Ciolo, J. Lorenzana, G. Seibold, and M. Grilli, Phys. Rev. B 81,
15516 (2010)
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Impact of nematic fluctuations on the phase diagram of the iron pnictides
Rafael M. Fernandes1 and Jörg Schmalian2
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Understanding the low-energy excitations of the normal state of the iron pnictide materials
is fundamental to unveil the pairing mechanism responsible for its superconducting state.
Experiments have revealed that below the tetragonal-to-orthorhombic transition line,
which closely tracks the magnetic transition line, the system displays a strongly
anisotropic behavior that cannot be attributed only to the small lattice distortion. As a
result, it has been suggested that electronic degrees of freedom, dubbed nematic, drive the
structural transition [1]. In this talk, we will present a theoretical model for the low-energy
fluctuations associated with this nematic degrees of freedom, studying its impact on
different properties of the iron pnictides. In our model, nematicity is a direct consequence
of the degeneracy of the magnetic ground state [1]. Consequently, nematic fluctuations are
closely related to the spectrum of magnetic excitations. In particular, we will show that
nematic fluctuations soften the lattice in the normal state, but tend to harden it below Tc,
where nematicity indirectly competes with s+- superconductivity [2]. We will also present
signatures of these nematic fluctuations in the charge, orbital, and magnetic correlation
functions, comparing with experimental measurements [3,4]. Finally, we will discuss the
role of nematic fluctuations to the pairing interaction of the iron pnictides [3].
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Figure (from Ref. [3]): Schematic phase diagram of the iron pnictides. Nematic order,
driven by spin fluctuations associated with the spin-density wave (SDW) state, is
responsible for the observed tetragonal symmetry breaking. In the tetragonal-paramagnetic
phase (Tet/PM), nematic fluctuations persist for a wide doping range up to high
temperatures, affecting the normal state and superconducting state (SC) properties.
References
[1] Preemptive nematic order, pseudogap, and orbital order in the iron pnictides, R. M.
Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, and J. Schmalian, Phys. Rev. B 85,
024534 (2012).
[2] Effects of Nematic Fluctuations on the Elastic Properties of Iron Arsenide
Superconductors, R. M. Fernandes, L. H. VanBebber, S. Bhattacharya, P. Chandra,
V. Keppens, D. Mandrus, M. A. McGuire, B. C. Sales, A. S. Sefat, and J. Schmalian,
Phys. Rev. Lett. 105, 157003 (2010).
[3] Manifestations of nematic degrees of freedom in the magnetic, elastic, and
superconducting properties of the iron pnictides, R. M. Fernandes and J. Schmalian,
Superconductor Science and Technology 25, 084005 (2012).
[4] Observation of incipient charge nematicity in Ba(Fe1-xCox)2As2, Y. Gallais, R. M.
Fernandes, I. Paul, L. Chauviere, Y.-X. Yang, M.-A. Measson, M. Cazayous, A.
Sacuto, D. Colson, and A. Forget, arXiv:1302.6255 (2013).
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Spin excitations in layered antifferomagnetic superconductors
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The proximity of antiferromagnetic order in high-temperature superconducting materials
such as cuprates or iron-based superconductors is considered a possible clue to the
electronic excitations which form superconducting pairs. In my talk I discuss the behavior
of

the transverse and longitudinal spin excitation spectrum in models, suitable for

cuprates and iron-based superconductors, in the pure spin density wave (SDW) state and
in the coexistence state of SDW and the superconductivity.
In particular, we develop a self-consistent electronic theory for the itinerant spin
excitations in the regime of coexistence of the antiferromagnetic order and unconventional
superconductivity. In the iron-based superconductors, the onset of superconductivity leads
to the appearance of a magnetic resonance near the wave vector Q2=(0,π), where magnetic
order is absent. This resonance is isotropic in spin space, unlike the excitations near Q1,
where the magnetic Goldstone mode resides.
Furthermore, motivated by the observed coexistence of the commensurate AF and d-wave
superconductivity in the electron-doped cuprates we computed the spin excitations in the
coexistence region of both phases within a single-band Hubbard model. We find that the
Goldstone mode in the transverse channel remains gapless in the coexistence regime and
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that the excitations in the transverse channel are dominated by the renormalized spectrum
of the spin waves. At the same time, we find that the excitations in the longitudinal
channel include a resonance mode at the commensurate momentum close to (π,π). The
simultaneous coexistence of the longitudinal resonance and the transverse spin waves
opens up an interesting possibility to use inelastic neutron scattering (INS) to identify the
microscopic coexistence of the superconductivity and antiferromagnetism.
Finally, we discuss the implications of our findings for neutron scattering experiments and
for theories of Cooper pairing in the metallic SDW state.
[1] W. Rowe, J. Knolle, I. Eremin, and P. J. Hirschfeld, Phys. Rev. B 86, 134513(2012).
[2] J. Knolle, I. Eremin, J. Schmalian, and R. Moessner, Phys. Rev. B 84, 180510(R)
(2011)
[3] J.-P. Ismer, Ilya Eremin, Enrico Rossi, Dirk K. Morr, and G. Blumberg, Phys. Rev.
Lett. 105, 037003 (2010).

FIG. Calculated longitudinal spin excitation spectra for three different
electron dopings [taken from Ref.[1]], n = 1.06, n = 1.09, and n = 1.12 (from
upper to lower panel) for the coexisting SDW+dSC state. For comparison the
left panel shows the behavior of the longitudinal susceptibility for the pure
SDW state. The intensity is shown on the absolute scale.
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Charge and Magnetic Stripe Phases in Cuprates: Relation to YBCO
R.S. Markiewicz, J. Lorenzana, G. Seibold, and A. Bansil
We have calculated the magnetic[1] and charge stripe[2] phase diagrams of cuprates in the
Gutzwiller Approximation (GA) + RPA model, by studying the leading instabilities of the
correlated Fermi liquid. For most cuprates, the magnetic stripe phase diagram has a
competition between two nesting vectors, leading to a crossover from (π,π−δ)-nesting to
antinodal nesting (ANN), of symmetry (δ,δ) as doping is increased. We also studied the
charge stripe phase diagram, where the stripes are actually charge-density waves [CDWs]
coupled to lattice distortions. We find a competition of similar nesting vectors, with a
broader range of ANN phase.

The ANN phase is consistent with scanning tunneling

microscopy (STM) studies in Bi2201 and Bi2212[3] (Fig. 1), strongly suggesting that this
is a charge driven ordered phase. We find that this model also explains many aspects of
the CDW phase recently found in YBCO.
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Fig. 1. Nesting vector (0,q) for Bi2212
assuming primary charge order (solid
violet line) or secondary charge order
associated with primary magnetic order
(blue dotted line), compared to STM
data (green circles)[3].

1. R.S. Markiewicz, J. Lorenzana, G. Seibold, and A. Bansil, Phys. Rev. B81,
014509 (2010).
2. R.S. Markiewicz, J. Lorenzana, G. Seibold, and A. Bansil, arXiv:1207.5715.
3. Y. Kohsaka, C. Taylor, P. Wahl, A. Schmidt, J. Lee, K. Fujita, J. Alldredge, J.
Lee, K. McElroy, H. Eisaki, S. Uchida, D.-H. Lee, and J.C. Davis, Nature 454,
1072 (2008).
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X-Ray Absorption Studies of Local Structure with Femtometer Accuracy
In the last years, the XAFS experimental techniques have undergo remarkable
developments: (i) experiments with unprecedented accuracy and under extreme conditions
of high pressure and temperature [1], (ii) experiments with nanoscale lateral resolution [2],
that were not even conceivable just a few years ago, can nowadays be performed. New
applications, stimulated by accurate experimental temperature-dependent XAFS
measurements on Ge, ReO3 and SrFexTi1-xO3, can be carried out. In parallel with the
experimental techniques, XAFS theory and data analysis have made considerable
progress. Femtometer accuracy in the determination of interatomic distances is now
attainable [1,2]. Therefore, new effects can be studied with femtometer accuracy, for
example:
• isotopic effect on EXAFS and isotopic effect on the lattice dynamics, phase transition
and anharmonic properties of SrTi18O3;
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Ge and
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Ge (see [1] and Highlight ESRF

2008);
• materials with negative thermal expansion as ScF3, ReO3, AgO2, etc. ( see Highlight
ESRF 2006);
• materials with Jahn-Teller (JT) effect as SrFexTi1-xO3, with small radium polaron (WO3)
or with charge disproportionation as CaFexTi1-xO3;
• Solid solutions as SrFexTi1-xO3, Th1-xUxO2 etc. ([3,4], Highlight ESRF 2007).
References
1. J.Purans, N. D.Afify, G.Dalba, R.Grisenti, S.De Panfilis, A.Kuzmin, V.I.Ozhogin,
F.Rocca, A.Sanson, S. I. Tiutiunnikov, P.Fornasini, Phys.Rev.Lett., 100, 00055901
(2008)
2. S. Larcheri, F. Rocca, F. Jandard, D. Pailharey, R. Graziola, A. Kuzmin and J. Purans,
Rev. Sci. Instrum. 79, 013702 (2008)
3. M. Vračar, A. Kuzmin, R. Merkle, J. Purans, E. A. Kotomin, J. Maier and O. Mathon,
Phys. Rev. B 76, 174107 (2007)
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The trajectory from the normal to the superconducting state in BiSCO: The evidence
for pair formation and phase coherence occuring in sequence.
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Coherent control measurements using multiple pulse femtosecond laser spectroscopy
techniques on BiSrCaCuO show that it is possible to unambiguously distinguish electronic
excitations in the pseudogap (PG) state from superconducting ﬂuctuations above Tc by
their distinct trajectories from the high-temperature state through the PG state
andeventually through the superconducting transition. Investigations of underdoped
BiSCO(Tc=81 K) show that superconducting QP recombination is observed to
temperature T/Tc
➛ 1.3 (~104 K), while PG relaxation is visible up to > 250 K, which - remarkably - is

common to all cuprates. The data are shown to be consistent with a cascade of events:pair
formation from normal carriers on a timescale of 300-600 femtoseconds and a
moregradual establishment of phase coherence on a timescale of 3-5 picoseconds.
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Accordingto this scenario, pair formation occurs well before phase coherence, which
indicates thatthe PG state is nothing other than a pre-formed pair state. We discuss
departures from standard time-dependent Ginzburg Landau theory and the mechanisms
giving rise tosuperconducting ﬂuctuations associated with the observed critical behaviour,
such as thedynamic clustering of pairs.

Fig. 1 a) The recovery of the PG (blue) and superconducting QP signal as a function
oftime after destruction by a laser pulse showing the cascade of processes. b) Thecoherent
critical SC ﬂuctuation time τSC above Tc and PG relaxation time τPG are consistent with
pairing followed by condensate formation on different timescales.
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Quantum Dynamics of the Hubbard-Holstein Model in Equilibrium and
Nonequilibrium: relevance of charge-lattice interaction in underdoped cuprates.
Vittorio Cataudella and Giulio De Filippis
Dipartimento di Fisica, Università di Napoli “Federico II” and CNR-SPIN.
The spectral response and physical features of the 2D Hubbard-Holstein model
are calculated both in equilibrium at zero and low chemical dopings, and after an
ultrashort powerful light pulse, in undoped systems.[1] We combine different numerical
techniques, ranging from exact diagonalization (including time-dependent Lanczos
approach) to Diagrammatic Quantum Monte Carlo and self-consistent methods. All the
results provide evidence in favor of a relevant charge-lattice coupling in the underdoped
phase of cuprates.
In particular, at equilibrium and at strong charge-lattice couplings, the optical
conductivity reveals a three peak structure in agreement with experimental observations.
Furthermore we show that a number of experimental observations: i) the anomaly of the
half breathing bond stretching phonon occuring at half-way to the Brillouin zone boundary
in the [100]-direction[2], ii) the kinks observed in Angle Resolved Photoemission Spectra
(ARPES)[3], iii) the anomalous temperature dependence of the ARPES in undoped
cuprates are explained by the cooperative coupling of holes to magnetic and lattice
fluctuations.
At non equilibrium conditions, after an ultrashort pulse and at nonzero electronphonon interaction, phonon and spin subsystems oscillate with the phonon period
T_ph=80fs. The decay time of the phonon oscillations is about 150–200 fs, similar to the
72

relaxation time of the charge system. We propose a criterion for observing these
oscillations in high Tc compounds: the time span of the pump light pulse pump has to be
shorter than the phonon oscillation period T_ph.

Figure's Caption: Time evolution of the electron-phonon interaction energy
per site (N/M) at lambda=0 (dotted green line),
\lambda=0.1 (solid black line), and \lambda=0.5 (dashed red line). \lambda
is dimensionless electron-phonon strength. (The figure is taken from the first
paper of reference [1] )
[1] G. De Filippis, V. Cataudella, E. A. Nowadnick, T. P. Devereaux, A. S. Mishchenko,
and N. Nagaosa, Phys. Rev. Lett. PRL 109, (2012) 176402; A. S. Mishchenko, N.
Nagaosa, Z.-X. Shen, G. De Filippis, V. Cataudella, T.P. Devereaux, C. Bernhard,
K.W. Kim, and J. Zaanen, Phys. Rev. Lett. 100 (2008) 166401
[2] G. De Filippis, V. Cataudella, R. Citro, C. A. Perroni, A.S. Mishchenko, and N.
Nagaosa, European Phys. Lett. 91 (2010) 47007;
[3] De Filippis, V. Cataudella, A.S. Mishchenko, C.A. Perroni and N. Nagaosa, Phys.
Rev. B 80 (2009) 195104;
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In search for the pairing glue in cuprates by non-equilibrium optical spectroscopy
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Here we report on the emerging non-equilibrium optical spectroscopy as a novel key to
solve the puzzle of high-temperature superconductivity in copper oxides and other
correlated materials.
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In strongly-correlated electron materials the electronic and optical properties are
significantly affected by the coupling of fermionic quasiparticles to different degrees of
freedom, such as lattice vibrations and bosonic excitations of electronic origin. Broadband
ultrafast spectroscopy [1,2] is emerging as the premier technique to unravel the subtle
interplay between quasiparticles and electronic or phononic collective excitations, by their
different characteristic timescales and spectral responses. By investigating the
femtosecond dynamics of the optical properties of prototypical copper oxides (Y-Bi2212)
over the 0.5-2 eV energy range, we disentangle the electronic and phononic contributions
to the generalized electron-boson Eliashberg function, showing that the spectral
distribution of the electronic excitations, such as spin fluctuations and current loops, and
the strength of their interaction with quasiparticles can account for the high critical
temperature of the superconducting phase transition [3]. Finally, we discuss how the use
of this technique can be extended to the underdoped region of the phase diagram of
cuprates, in which a pseudogap in the quasiparticle density of states opens.
The microscopic modeling of the interaction of ultrashort light pulses with unconventional
superconductors will be one of the key challenges of the next-years materials science,
eventually leading to the full understanding of the role of the electronic correlations in
controlling the dynamics on the femtosecond timescale.
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Accepted for publication on Phys. Rev. Lett.
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Caption:
Disentangling the contributions to the total bosonic function. The electronic (Pbe, red
areas), strongly-coupled phonon (PSCP, blue area), and lattice (Plat, green area)
contributions to the total bosonic function are shown. The insets display the temporal
evolution of the temperatures Tbe (red line), TSCP (blue line), and Tlat (green line)
determined through the effective-temperature model. Sketches of the possible microscopic
mechanisms responsible for the different contributions to the total P(Ω) are shown in the
upper panels.
Figure, taken from [3].
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Investigations of the electronic structure of ferropnictides using angle- and
femtosecond time-resolved photoemission spectroscopy
We report on electronic structure studies of various 122 ferropnictides using ARPES and
femptosecond time-resolved ARPES (tr-ARPES). We derive a correlation between the
observed Lifshitz transitions of the Fermi cylinders and the phase diagram as a function of
control parameters. Information on the coupling of the charge carriers to lattice and
electronic excitations will be presented.
In particular we have studied the systems Ba(Fe1-xCox)2As2, Ba(Fe1-xyCoxMny)2As2,

and EuFe2(As1-xPx)2. We have determined the Fermiology as a function of

control parameters such as doping or substitution. For Ba(Fe1-xCox)2As2 we derive a rigidband like change of the electronic structure with an increase of one electron per Co ion
and a clear correlation between the phase diagram and the size and shape of the hole and
the electron cylinders. At optimal doping the inner hole cylinders experience a Lifshitz
transition to a ellipsoid around the high-symmetry Z point. At a Co concentration where
superconductivity vanishes, the hole cylinders have completely disappeared. This clearly
signals the importance of nesting between hole and electron pockets for the magnetic and
the superconducting properties of ferropnictides. A similar correlation of the Fermiology
and the phase diagram has been detected for EuFe2(As1-xPx)2 although there, a non-rigidband behavior has been observed [1]. For Ba(Fe1-x-yCoxMny)2As2 we have replaced in the
optimally Co doped compound further Fe ions by Mn. We find again a non-rigid-band
behavior, a back-doping by holes and a reduction of the superconducting transition
temperature. An investigation of the mass enhancement and the scattering rates as a
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Real-time oscillations of the superconducting condensate in a high-Tc
superconductor
F. Carbone1, B. Mansart1,2, A. Mann1, A. Odeh2, J. Lorenzana3, M. Scarongella2, M.
Chergui2
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Here, the first observation of the coherent oscillations of the Cooper pairs condensate in a
superconductor is presented [1]. Superconductvity is set out of equilibrium by populating
selected charge fluctuations via the electronic impulsive stimulated Raman scattering
mechanism. The consequent effects on the materials electronic structure are detected via
ultrafast optical spectroscopy, revealing oscillations that resonate at particular energies.
Unraveling the complex interplay between electronic and lattice degrees of freedom is one
of the keys towards understanding the unconventional pairing mechanism in cuprates
[2,3]. In these expriments, we probe an optimally doped La2-xSrxCuO4 (x=0.15) single
crystals. Our data reveal the temporal evolution of the pair-breaking excitations as well as
the coherent oscillation of the out-of plane motion of lanthanum ions.
In these experiments, the real-time observation of quantum states of matter both in
amplitude and phase gives information on the coupling between high energy electronic
79

transitions like stripes bands and charge transfers, and low-energy excitations. These
coherent oscillations, detected by the transient optical properties for the first time, reveal
strong resonance effects between the oscillating condensate and particular atomic motions
and charge fluctuations. In Fig. 1 A, the time-energy dependent reflectivity spectrum in
the A1g+B2g symmetry is shown. When temporal profiles are extracted from these data,
oscillations are clearly visible, Fig. 1 B. The Fourier transform of these oscilaltions and its
k-dependence reveals the typical energy scale and symmetry of the superconducting gap,
Fig. 1 C and D. The resonance of these oscillations with the charge transfer energy scale
suggest a contribution of high energy states to the pairing mechanism in high Tc cuprates.

Fig. 1 A. Time-energy dependent ∆R in A1g+B2g symmetry. B. Temporal profile of
∆R for a probe energy of 2.45 eV. C,D. Fourier transform of the temporal profiles
in both B1g and B2g symmetries for a probe wavelenght of 2.45 eV.
References:
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Holstein and BLF-SSH polar on, and relation to the many body problem
One point of view regarding superconductivity is that the basic building block from which
a theory can be constructed, whether weak coupling or strong coupling, is the polaron.
Work in the past two decades has solidified the conclusions for polaronic behaviour
regarding the Holstein model. Representative work involving this author can be found in
Refs. [1] and [2], including the effect of spin-orbit coupling. The main conclusion is that,
even with intermediate electron-phonon coupling strength, the polaron acquires an
exponentially large mass, a property which is certainly not compatible with observations
of metals (like Nb) whose electron-phonon coupling strength is in this regime. The
Holstein model couples ion displacements to electronic charge, which is more suited to
coupling to optical modes. Relatively very little work has been done concerning acoustic
modes, and here we describe some preliminary work concerning the BLF-SSH (BarisicLabbe-Friedel --- Su-Schrieffer-Heeger) model. While an exact solution on a par with the
Holstein model remains elusive,
indications so far [3] suggest similar properties to that of the Holstein model:
polarons become very massive, even for intermediate coupling strength.
[1] Zhou Li, D. Baillie, C. Blois, and F. Marsiglio, Phys. Rev. B81, 115114 (2010).
[2] Zhou Li, L. Covaci, M. Berciu, D. Baillie, and F. Marsiglio, Phys. Rev. B83,
195104 (2011).
[3] Zhou Li, C.J. Chandler and F. Marsiglio, Phys. Rev. B83, 045104 (2011).
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Polaron signatures in the phonon dispersion of high temperature superconducting
copper oxides
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High temperature superconducting copper oxides display a variety of both long range and
local lattice anomalies which are related to the onset of the pseudogap phase and / or the
onset of superconductivity. Here we show that these anomalies demonstrate polaron
formation where specifically the local character of the polarons plays an important role.
We concentrate on the phonon anomaly observed in the LO phonon mode and show that
this can be understood in terms of the coupling of this mode to polarons (Fig. 1). From its
doping dependence we derive the polaron coupling strength as a function of doping and
use this in turn, to interpret data as derived from EXAFS [1 – 3]. We predict that
unconventional isotope effects will appear in both the long wave length limit and in local
lattice effects.
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Fig. 1: The momentum dependence of the LO phonon mode La2-xSrxCuO4 for different
doping levels (full lines) in comparison with experimental data (filled circles) [4 – 6].
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Dynamical Jan-Teller effect and quantum spin liquid state in
correlated electron materials
J. Nasu, and S. Ishihara
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It is widely known that the Jahn-Teller (JT) effect plays essential roles in electric,
magnetic, structural and optical properties in correlated electron system. In particular,
cooperative JT effect controls orbital order and structural phase transition in several
transition-metal compounds. On the other hand, little is known about the dynamical aspect
of the JT effect, i.e. the dynamical JT effect in correlated electron solids. Motivated from
the recent exotic magnetic state, where the long-range order does not appear down to very
low temperatures in Ba3CuSb2O9 [1], we study theoretically the DJT effects in an orbital
degenerate low dimensional magnet [2].
We construct the effective low-energy model, where the superexchange-type interaction
and the DJT effect are taken into account. Thid low-energy effective model describes
tunneling motions of the lattice vibrations during the potential minima. We focus on the
cooperation / competition between the superexchange interaction and the dynamical JT
effect. The effective model in a honeycomb lattice for Ba3CuSb2O9 is analyzed by the
mean-field approximation, a spin-wave method, quantum Monte-Carlo simulation, and the
exact-diagonalization method associated with the mean fields. It is found that long-range
magnetic order does not appears and a spin-orbital resonant state is stabilized by the DJT
effect. Relation of the present theory and the recent experimental results will be discussed.
[1] S Nakatsuji, et al. Science, 336, 559 (2012).
[2] J. Nasu and S. Ishihara arXiv:1209.0239.
key words : Jahn-Teller effect, Spin liquid, Electron correlation, Theory
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The role of the lattice structure in determining magnon-mediated interactions
between charge carriers doped into a magnetically ordered background

We propose two new methods to calculate exactly the spectrum of two charge carriers
moving in a ferromagnetic background, at zero temperature. As illustrated by the spectral
weights shown in the attached figure, we find that if the spins are located on a different
sublattice than that on which the fermions move, magnon-mediated effective interactions
are very strong and can bind the fermions into low-energy bipolarons irrespective of how
large the on-site repulsion U is (top panel; the ground-state bipolaron peaks are marked by
T1). This does not happen in models where spins and charge carriers share the same
lattice, whether they are in the same band or in different bands (bottom panel; here the
ground state is part of a continuum describing un-bound carriers). This essential difference
in the two-particle sector appears despite the fact that both types of models support very
similarquasiparticles, i.e. the low-energy sector of their one-particle spectra can be
mapped onto one another. These results show that in order to properly describe magnonmediated interactions, one must use the correct sublattice structure, not simpler effective
one-lattice models. While our work is for a ferromagnetic background, it is directly
relevant for antiferromagnetic backgrounds as well since the magnon exchange is a rather
local process. Our results suggest that one should expect strong magnon-mediated
attraction between two holes located at neighbour O sites in a cuprate layer, through their
common Cu. One-band models based on Zhang-Rice singlet-like constructs

simply

cannot describe this process, and are therefore likely to severely underestimate the role of
magnons as the ``glue'' for pairing.
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Figure caption: Spectral weights for the two classes of models (see
abstract for more details). This figure was published in Ref. [1].
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Quantum simulation of polaron effects in unconventional superconductors
In condensed matter, it is often difficult to untangle the effects of competing interactions,
and this is especially problematic for superconductors. Quantum simulators may help. The
aim of a quantum simulator for condensed matter is to find a simpler, more controllable,
quantum system that has the same Hamiltonian as the problem to be studied. Here we
show how exploiting the properties of highly excited Rydberg states of cold fermionic
atoms in a bilayer lattice can simulate electron-phonon interactions in the presence of
strong correlation—a scenario found in many unconventional superconductors. Quantum
simulators for electron-phonon interactions have been a recent hot topic, and I will discuss
two of our recent proposals for simulating Su-Schrieffer-Heeger interactions in polymers
[1] and Hubbard-Holstein models of cuprates [2].
Features of the simulator are examined using continuous time quantum Monte Carlo
(CTQMC), and I will begin by describing the technique and its application to bipolaron
properties in one- and two- dimensions [3]. I will then use CTQMC to compare the
features of the quantum simulator for unconventional superconductors with condensed
matter analogues (see figure). Finally, I will discuss how to achieve a practical, tuneable
implementation of the simulator using ‘‘painted spot’’ potentials.
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Figure: System of bilayer Rydberg cold atoms for simulation of strong correlations and
interactions between fermions and phonons, annotated with Hamiltonian terms. The upper
layer represents electrons and the lower layer phonons. The intersite hopping in the
itinerant layer is t, the phonon frequency is , gij is the Rydberg-phonon coupling, and V0
are trap depths in the itinerant and phonon layers, respectively.
References
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Charge glass order and superconductivity in underdoped La2-xSrxCuO4

The nature of the insulating ground state and the onset of superconductivity at low
doping have been key issues in the physics of copper-oxide high-temperature
superconductors (HTSC). In addition, the precise role of a magnetic field H in
revealing the normal state of HTSC has not been well understood.

Recently,

magnetoresistance (MR) measurements have been used to probe both the insulating
state at very low temperatures and the presence of superconducting fluctuations in
underdoped La2-xSrxCuO4 (LSCO) near the doping-driven superconductorinsulator
transition (SIT). The results revealed [1] that the charge glass behavior, characteristic
of the insulating state [2,3], is suppressed with doping, but it coexists and competes
with superconducting fluctuations that emerge already on the insulating side of the
SIT.

These findings are consistent with the picture of the SIT driven by phase

fluctuations and localization of Cooper pairs by the competing charge order. On the
superconducting side of the SIT, the effects of high magnetic fields in suppressing
superconductivity and leading to an insulating state have been explored in detail by
performing the MR measurements over an exceptionally wide range of temperatures
and fields. The results will be discussed and compared to those in other
superconductors.
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Figure 1: The evolution of the glassy
region and the emergence of
superconducting fluctuations (SCFs) and
superconductivity (SC) with doping,
temperature and magnetic field in LSCO.
The extent of the glassy regime does not
depend on the field orientation. The range
of SCFs is shown for the field applied
perpendicular to CuO2 planes. Solid and
dashed lines guide the eye. Different
colors and symbols for Hc’(T) and Tc(H)
correspond to different values of doping.
Hc’ is the field above which SCFs are
fully suppressed. Tc was determined from
the midpoint resistive transition. From X.
Shi et al., Nature Materials 12, 47 (2013).
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Fermi surface and the nature of carriers in cuprates
K.V. Mitsen, O.M. Ivanenko
One of the puzzles of cuprate HTSC is the discrepancy between large (∝1+x)
Luttinger Fermi surface observed in ARPES and Fermi surface size (∝x) expected for the
doped Mott insulator (x is hole concentration) (as e.g., in La2−xSrxCuO4). At the same time
the concentration x received from the Hall measurement turns out to be proportional to
ARPES intensity integrated over Fermi arcs. The problem becomes even more confused
when the observed strong temperature dependence х(T)∝T is taken into account.
Here we suggest the pattern of Fermi surface appearance and its transformation for
HTSC cuprate as it goes from undoped (Mott insulator) to overdoped (conventional metal)
state. In this model, doping by localized charges is supposed to be responsible for the
formation of strong correlated states on d-cations in the nearest vicinity of dopant. These
states can be occupied by electrons only in two cases: when there is either a hole on one of
the nearest anions or an electron localized on the next cation. Thus doping results in
closing of interband gap between the occupied anion and unoccupied cation states and the
formation of the state with ∆ct=0 (here ∆ct is energy required for the electron transfer from
anion to neighboring cation with the formation of hole L- localized on anion). In such a
system each pair of cations may be considered as a two-atom negative-U center (NUC).
The arising electronic structure is characterized by existence of Fermi surface in the
absence of free curriers (at T=0). Mobile carriers in the system under consideration arise
not from doping (because the doped charges are localized) but as result of electron pair
transitions from the band to NUCs. The proposed model allows to explain inconsistent
features of HTSC properties.
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Numerical study of a lightly doped Mott insulator driven by a constant electric field
I will focus on a fundamental question of how many--body states behave when driven far
from their equilibrium by a finite external driving. Many theoretical studies have recently
focused on the dielectric breakdown of the Mott insulator mostly within the framework
of the half filled Hubbard model. Much less is known about non-equilibrium properties of
strongly--correlated

systems

away

from

half

filling,

where

unconventional

superconductivity may possibly emerge.
I will present

a fundamental study of

a single hole and two holes in the two

dimensional t-J model and the t-J Holstein model driven away from the equilibrium by a
constant electric field. Taking fully into account quantum effects we follow the timeevolution of systems from their ground state as the constant electric field is switched on
at t=0, until they reach a steady state.
In the case of the t-J model we demonstrate that there exist three distinct regimes of the
electric field (adiabatic, dissipative and the Bloch-oscillations regime) which differ with
respect to the real-time response [1]. As a counterintuitive result, the d.c. current is shown
to be maximal for a finite value of the electric field. When introducing relevant coupling
to phonons, most of the gained energy from the electric field flows predominantly into
magnon excitations [2].
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We show that when driving a bound hole pair in the t-J model, the pair dissociates as soon
as the electric field is strong enough to induce a steady-state current. Holes dissociate
predominantly in the direction perpendicular to the electric field [3].
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Local Study of Magnetic Structures in High Temperature Superconducting
Composites
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The results from magnetooptical investigations of the remagnitization processes in
composite film structures based on high temperature superconductors in the temperature
range of 4 to 80 K are presented. The composite structures were the HTSC film both on
magnetic and non-magnetic metallic substrates. It is shown that the remagnetization of
structures is due to the formation and propagation of wave of magnetic flux annihilation
(areas with zero magnetic induction). The relationship between the penetration depth of
annihilation front and the external magnetic field at different ambient temperatures, and
the temperature dependence of the rate of motion of the front of magnetic flux
annihilation, are found. It was shown also that the shape of magnetisation curves of
HTSC/metal composites depend on the magnetic properties of substrates. For example,
ferromagnetism of substrate leads to paramagnetic behaviour of superconductive
composites on the whole. The experimental data agree qualitatively with the results from
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numerical calculations which were performed by using the Monte Carlo method [1] as
well as with the experimental results obtained by means of scanning Hall techniques [2].

Figure Distribution of the perpendicular component of the magnetic field above the SC
composite over an applied external magnetic field whose direction is opposite that of a
field captured by a superconductor: (a) experimental data at a temperature of 60 K (The
value of the external field is indicated in the left top corner of each plot in T); (b)
corresponding magnetooptical images [3]
1. V.A. Kashurnikov, A.N. Maksimova, I.A. Rudnev, A.P. Sotnikova, Journal of
Experimental and Theoretical Physics, V115, N 3, 2013.

2. Igor A. Rudnev, Sergey V. Pokrovskiy, Aleksey I. Podlivaev, IEEE Transaction on
Applied Superconductivity, V.22, no.3, pp.9001304-3, June 2012.
3. I. Rudnev, M.Osipov Bulletin of the Russian Academy of Sciences. Physics, 2013, Vol.
77, No. 3, pp. 333–336
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Electronic reconstruction in the complex oxides LaNiO3 and LaCoO3 probed by
resonant x-ray reflectivity
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Transition-metal-oxide heterostructures exhibit a variety of exotic phases such as
interfacial high-density 2D electron gases [1], superconductivity [2], magnetic and orbital
[3] reconstruction. It is a major spectroscopic challenge to identify and characterize such
heterostructures and in particular to determine the interfacial properties.
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I will demonstrate how our new developments in resonant x-ray scattering can be used to
determine a depth profile of the chemical and electronic properties of LaNiO3- and
LaCoO3-based heterostructures. In particular, I will show that resonant x-ray reflectivity
provides direct evidence for orbital reconstruction in LaNiO3 / LaAlO3 heterostructures
[3]. Furthermore, I will discuss results on LaCoO3 surfaces which indicate that electronic
reconstruction takes place to overcome the “polar catastrophe” which would emerge due
to the polarity of the material. I will also show the connection to a reconstructed stripelike state, which promotes the formation of high or intermediate spin cobalt that can order
ferromagnetically.

Cross-sectional (upper panel) and top
(lower panel) view of the reconstruction
phenomena leading to the stabilization of
ferromagnetism in LaCoO3 under tensile
strain. From Reference 4.

[1] H. Hwang et al., Nature 427, 423 (2004); [2] Reyren et al., Science 317, 1196 (2007).
[3] E. Benckiser, V. Hinkov et al., Nature Materials 10, 189 (2011).
[4] W. S. Choi, V. Hinkov et al., Nano Letters 12, 4966 (2012).

keywords: oxide heterostructures, x-ray spectroscopy, electronic
reconstruction, magnetic stripes, symmetry breaking, nickelates, cobaltates
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RIXS studies of magnetic excitations in superconducting cuprates
The communication is aimed to present the new possibilities given by RIXS (Resonant
Inelastic X-ray Scattering) in the study of low energy magnetic excitations with particular
attention to cuprates (high Tc and parent compounds).
In RIXS one excites the sample resonantly at a threshold and one detects the
energy transfer and when possible the momentum transfer; thus a RIXS spectrum is
basically a resonant Raman with X-rays. In connection with magnetic excitations the
detection of the single magnon requires the presence of a sizable spin-orbit in the
intermediate state. This means that in the study of the 3d systems it is necessary to work
at the L-edges in the soft x-ray range. We give a brief overview of cuprates results made
possible by the experimental improvements introduced by the Milano group (L.
Braicovich, G. Ghiringhelli et al.) in collaboration on one side with the ESRF-Grenoble
and on the other side with the Swiss Light Source; we discuss the impact of the ubiquitous
presence of the damped magnons in a wide range of dopings with reference to LSCO,
YBCO, NBCO (1) (2).
Moreover we present briefly two recent achievements:
- the finding of CDW in the underdoped YBCO family made possible by the use
of a RIXS facility operated to do diffraction (3)
- the development of RIXS with measurement of the linear polarization of the
scattered radiation. This implementation never tried up to now in the soft range is giving
results on YBCO allowing to separate spin and charge excitations.
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2. M. Le Tacon, G. Ghiringhelli, J. Chaloupka, M. Moretti Sala, V. Hinkov, M.W.
Haverkort, M. Minola, M. Bakr, K. J. Zhou, S. Blanco-Canosa, C. Monney, Y. T.
Song, G. L. Sun, C. T. Lin, G. M. De Luca, M. Salluzzo, G. Khaliullin, T. Schmitt, L.
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3 G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-Canosa, C. Mazzoli, N. B.
Brookes, G. M. De Luca, A. Frano, D. G. Hawthorn, F. He, T. Loew, M. Moretti Sala,
D. C. Peets, M. Salluzzo, E. Schierle, R. Sutarto, G. A. Sawatzky,E. Weschke, B.
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Coexistence of magnetism and superconductivity in the pnictides as seen with muonspin-rotation and infrared spectroscopy

The subject of my talk will be the coexistence of superconductivity and static magnetism
or slow magnetic fluctuations in the pnictide superconductor Ba(Fe1-xCox)2As2. In
particular, I will address the question whether these two orders really coexist on the
nanometer length scale and how they interact with each other. For this purpose I will
present combined muon spin rotation (µSR), neutron scattering and infrared spectroscopy
measurements. I will show that these studies reveal an ambivalent relationship between
magnetism and superconductivity which is competitive in some parts of the of the doping
phase diagram but cooperative in others.
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Distinct Charge Orders in the Planes and Chains of Ortho-III-Ordered YBa2Cu3O6+δ
Superconductors Identified by Resonant Elastic X-ray Scattering
A. J. Achkar1,*, R. Sutarto2,3, X. Mao1, F. He3, A. Frano4,5, S. Blanco-Canosa4, M. Le
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Recently, charge density wave (CDW) order in the CuO2 planes of underdoped
YBa2Cu3O6+δ (YBCO) was detected using resonant soft x-ray scattering (RSXS). In this
talk, I will present RSXS measurements of YBCO single crystals that clarify the role of
the chain layer with the CDW order in the planes by exploring the energy and polarization
dependence of the RSXS intensity in a detwinned sample of ortho-III-ordered
YBa2Cu3O6.75. It will be shown that the ortho-III oxygen ordering in the chains gives rise
to CDW order that is distinct from the CDW order in the planes. The ortho-III structure
gives rise to a commensurate superlattice reflection at Q=[0.33 0 L] whose energy and
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polarization dependence agrees with expectations for oxygen ordering and a spatial
modulation of the Cu valence in the chains. Incommensurate peaks at [0.30 0 L] and [0
0.30 L] from the CDW order in the planes are shown to be distinct in Q as well as their
temperature, energy, and polarization dependence, and are thus unrelated to the structure
of the chain layer.
In addition, I will demonstrate that the energy dependence of the CDW order in the planes
can be understood as a spatial modulation of the Cu 2p to 3dx2-y2 transition energy. This
finding follows from our prior efforts to reconcile the RSXS energy dependence in the Labased “stripe” ordered cuprate La2-x-yNdySrxCuO4 with model calculations. This work
showed that spatially modulated Cu 2p to 3dx2-y2 and O 1s to 2p transition energies
successfully describe the experimental line shape and are thus a key signature of the
“stripe” order. The identification of these modulated transition energies in YBCO and in
the 214-family of cuprates provides new opportunities to understand the origin of CDW
order in the cuprates and shed light on the connection between CDW order and hightemperature superconductivity.
[1] A.J. Achkar, R. Sutarto, X. Mao, F. He, A. Frano, S. Blanco-Canosa, M. Le Tacon, G.
Ghiringhelli, L. Braicovich, M. Minola, M. Moretti Sala, C. Mazzoli, Ruixing Liang,
D.A. Bonn, W.N. Hardy, B. Keimer, G.A. Sawatzky, and D.G. Hawthorn. Phys. Rev.
Lett. 109, 167001 (2012).
[2] A.J. Achkar, F. He, R. Sutarto, J. Geck, H. Zhang, Y.-J. Kim, and D.G. Hawthorn.
Phys. Rev. Lett. 110, 017001 (2013).
[3] A. J. Achkar, T. Z. Regier, H. Wadati, Y.-J. Kim, H. Zhang, and D. G. Hawthorn.
Phys. Rev. B 83, 081106(R) (2011).
Figure from recently published paper (Ref. 1):
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Anisotropic quasiparticle scattering and charge density wave instability in the
normal state of cuprate superconductors

In cuprate superconductors, a central problem is to understand the unusual normal state
properties. This talk will discuss how the concept of Fermi liquid quasiparticles breaks
down in overdoped cuprates [1-3]. A second topic will be the recent observation of charge
density wave order in underdoped YBCO [4-9].
The talk will be presenting spectroscopic (ARPES) evidence of true nodal Fermi liquid
quasiparticle [1]. It will be shown how these well-known many-body objects breaks down
upon moving toward the anti-nodal region in momentum space. Comparisons to angleintegrated bulk probes will be made [2-3].
The second part of the talk will be discussing the recent observation of charge order in
underdoped YBCO [4-8]. Hard x-ray diffraction data revealing charge density wave
ordering, as a function of magnetic field and temperature, will be presented. It will be
discussed how this effect is likely related to the Fermi surface reconstruction reported by
transport measurements [9] and charge ordering found by NMR [10] .
[1] J. Chang et al., submitted.
[2] R. A. Copper et al., Science 323, 603 (2009)
[3] K. Jin et al., Nature 476, 73 (2011)
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[4] Keimer Science 337, 821 (2012)
[5] J. Chang et al., Nat. Phys. 8, 871 (2012)
[6] A. Achkar et al., PRL 109, 167001 (2012)
[7] E. Blackburn et al., PRL (2013); arXiv:
[8] S. Blanco-Canosa et al., arXiv:1212:5580
[9] F. Laliberte et al., Nat. Comm. 2, 432 (2011)
[10] T. Wu et al. Nature 477, 191 (2011)

Figure 1: Phase diagram of a high-temperature cuprate superconductor. The top insets
illustrate how Fermi liquid quasiparticle can breakdown anisotropically in reciprocal
space.
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Chasing the nematic phase in Ba(Fe1−xCox)2As2 with optical investigations
A renewed interest in the study of symmetry-breaking competing states in complex
interacting systems followed the discovery of a broken rotational symmetry, due to stripe
or nematic order, in the pseudogap phase of the copper oxide superconductors. The most
recent playground in which to address the competition between structural, magnetic and
superconducting phases is provided by the iron-pnictide superconductors. In these
systems, the non-superconducting parent compounds undergo an antiferromagnetic
transition into a broken-symmetry ground state at TN, which is always preceded by or
coincident

with a tetragonal-to-orthorhombic

structural distortion at Ts ≥TN.

Understanding the effects of the structural transition on the charge dynamics and the
electronic bands by studying the optical properties of the system is an important step in
order to develop a comprehensive description of these materials. We investigate [1-3] the
optical conductivity with light polarized along the in-plane (orthorhombic) a- and b-axes
of Ba(Fe1−xCox)2As2 for x=0, 2.5% and 4.5% (i.e., in the so-called underdoped regime)
under tunable uniaxial pressure across their structural and magnetic transitions. This
allows us driving in-situ the degree of the sample detwinning. We reveal the pressure and
temperature dependence of the anisotropic charge dynamics, which extends to high
temperature and from dc up to high frequencies. All together, our results reveal the
important role played by a nematic susceptibility as well as the electronic nature of the
structural transition and particularly allow us to shed light on the counterintuitive
anisotropic behavior ρb>ρa (i.e., along the antiferromagnetic a-axis with respect to the
ferromagnetic b-axis) of the dc resistivity.
[1] A. Dusza et al., Europhys. Lett. 93, 37002 (2011) and Europhysics News 42 (3) (2011)
[2] I.R. Fisher, L. Degiorgi and Z.X. Shen, Rep. Prog. Phys. 74, 124506 (2011)
[3] A. Dusza et al., New J. Phys. 14, 023020 (2012)
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Temperature dependent local atomic displacements in SmFe1-xRuxAsO0.85F0.15 iron
pnictide superconductors
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Here we present the results of a local structural study on SmFe1-xRuxAsO0.85F0.15
(x=0.0,0.05,0.25 and 0.5) superconductors by temperature dependent arsenic K-edge x-ray
absorption fine structure spectroscopy. It is found that the effect of ruthenium substitution
remains mainly confined to the iron-arsenide layer [1], and the static disorder and the
bond strength of the Fe-As bonds remain practically unaffected for x ≤ 0.25. With further
Ru substitution the Fe-As static disorder increases without significantly affecting the FeAs bond strength [2]. In the ruthenium substituted samples, the Ru-As bond distance (∼
2.42 Å) is found to be distinct from the Fe-As bond distance (∼ 2.39 Å). These
observations suggest that the SmFe1-xRuxAsO0.85F0.15 system breaks down to coexisting
local electronic phases on isoelectronic substitution in the active iron-arsenide layer.
Keywords: Fe-based superconductors, Local structure, phase separation, XANES,
EXAFS,
[1] A. Iadecola, B. Joseph, L. Simonelli, L. Maugeri, M. Fratini, A. Martinelli, M. Putti, N. L.
Saini in Phys. Rev. B 85 (2012) 214530 doi: 10.1103/PhysRevB.85.214530
[2] B. Joseph, A. Iadecola, …., N. L. Saini to appear in Supercond. Sci. Technol.
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Pressure effects on the FeySe1-xTex system
In FeySe1-xTex the superconducting and magnetic properties can be tuned not only by the
Se-Te ratio x, but also strongly on the Fe content y. Furthermore, the parent compounds
FeSe and FeTe show an extreme sensitivity on hydrostatic pressure.
Therefore, the superconducting and magnetic properties of single crystals of various
compositions were studied, partially under pressure, by means of x-ray diffraction,
SQUID magnetometry, muon spin rotation, and neutron diffraction. The crystals with a
fixed Fe content (y = 1.03) show three regimes: (i) commensurate magnetic order for x >
0.9, (ii) bulk superconductivity for x < 0.5, and (iii) a coexistence region of
superconductivity with magnetism for 0.75 < x < 0.55. However, if the Se-Te ratio is fixed
to x = 0.75, superconductivity coexisting with incommensurate magnetism occurs for the
samples with y < 1. The magnetic order remains incommensurate for y > 1, but with
increasing Fe content superconductivity is suppressed and the magnetic correlation length
increases [1]. Pressure studies on the parent compounds show that the superconducting
and the magnetic properties of FeySe1-xTex can be tuned in addition by varying the Se/Te
ratio and changing the Fe content also by pressure. Hydrostatic pressure on
superconducting FeSe leads to the appearance of anti-ferromagnetism in the system [2].
On the anti-ferromagnetic FeTe on the other hand, the system turns into a ferromagnet
above 2 GPa [3].
References
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[1] R. Khasanov, et. al., Phys. Rev. B 80, 140511 (2009) and M. Bendele, et. al., Phys.
Rev. B 82, 212504 (2010).
[2] M. Bendele, et. al., Phys. Rev. Lett. 104, 087003 (2010).
[3] M. Bendele, et. al., Phys. Rev. B 87, 060409(R) (2013).

Fig. 1 Pressure dependence of the magnetic ordering temperatures TN and TC of Fe1.03Te.
AFM denotes the anti-ferromagnetic, FM the ferromagnetic, and PM the paramagnetic
state. At p=1.6 GPa the AFM changes to an incommensurate magnetic state. Above p 2
GPa, Fe1.03Te becomes a bulk ferromagnet. In the crossover region from the AFM to the
FM the antiferromagnetic order is distorted due to a possible reorientation of the spin
clusters, also seen in the PM before the ferromagnetic order is fully established. The
dashed lines indicating TN(p) and TC(p) are guides to the eyes. Adapted from [3].
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Enhancement of phase separation and anisotropy superconductivity in Mn doped
K0.8Fe2-ySe2 single crystals
*
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Iron-selenides superconductors have attracted more attentions since the discovery of
Tc~30 K superconductivity in potassium intercalated K0.8Fe2-ySe2 compound. Recently,
we have studied the transition metal Ni and Mn doping effects on the structure and
superconductivity of K0.8Fe2-ySe2 single crystals grown by self-flux method. For Ni doped
samples, it was found that the random distribution of Ni on Fe or Fe-vacancy sites could
suppress the superconductivity and induce spin disorders. However, we found the slight
Mn dopants could significantly enhance the phase separation of K0.8Fe2-xMnxSe2 single
crystals with x=0, 0.01, 0.02, 0.03, as revealed by x-ray diffraction [see Figure 1(a) and
(b)], scanning electron microscope, and transport measurements. The sample with 3% Mn
dopants has a second higher superconducting transition at Tc,onset=46.1 K and Tc,zero=32.6
K [(see Figure 1 (d)], which is the best result of intercalated iron-selenides
superconductors so far in single crystals. The origin of the enhancement effects was
interpreted as the Mn dopants favorably distributes in iron vacancies ordered phase, which
could well help the precipitations and modify the microstructure of superconducting phase
by inducing the local lattice strain/distortion. Meanwhile, the improvement of sample
quality allows us further study the anisotropic superconducting properties of the new
superconducting phase with Tc, onset=46.1 K and Tc, zero=32.4 K in Mn doped K0.8Fe2-ySe2
single crystal. Using Werthamer-Helfand-Hohenberg theory, the upper critical field
µ0Hc2(0) at T=0 K for H//ab and H//c directions are estimated to be ~178.4 T and 52.6 T,
respectively. A small anisotropic ratio Γ~3.4 is obtained. Due to high upper critical field
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and low anisotropy, our results would stimulate further studies on the new
superconducting phase.

Figure 1 (a) XRD patterns of (0 0 l) reflection for as grown (AG, solid line) and
quenched (QD, dashed line) samples. (b) the doping content dependence of c-axis
lattice parameters for superconducting (SC) and insulating (IS) phase. (c) the magnetic
susceptibility of the sample with x=0.03. (d) the temperature dependence of resistivity
for x=0.03 sample.
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Probing the nature of the superconducting phase in iron pnictides and
chalcogenides at the local scale
This talk mainly addresses the question of what the local electronic states near spatially
modulated structures can tell us about the nature of the underlying pairing state.
Focusing first on the 111 LiFeAs material we study the role of disorder and electronic
correlations near point-like scatterers which can induce both local orbital- and/or magnetic
order. The local density of states and bound states associated to the impurities are studied
within a realistic five-band model for this material and the superconductivity is generated
self-consistently within the RPA spin-fluctuation approach. I will also discuss that further
steps are required for a full description of the different spatial structures discovered near
various disorder sites in LiFeAs.
In the second part of the talk, I will review our recent progress in trying to understand the
phase separated alkali metal iron selenide such as e.g. KyFe2-xSe2. We set up a general
model for simulating spatially segregated block antiferromagnetic and superconducting
regions, and show how the local density of states can be utilized as a probe of the pairing
symmetry in this high-temperature superconductor.

114

Svetoslav A. Kuzmichev
Faculty of Physics, M.V. Lomonosov Moscow State
University, Moscow, Russia
kuzmichev@mig.phys.msu.ru

Study of the gap dependences on the Tc for Fe-based superconductors
by SNS-Andreev spectroscopy
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A summary data on the superconducting gap parameters 2∆L, and 2∆S vs. the critical
temperature Tc obtained by SNS-Andreev spectroscopy [1] (our group) and by other
groups for iron-based superconductors are presented and compared (Fig). The conclusion
on gap symmetry type is made.
This review including our results on LaFeAsO0.9F0.1 superconductor [2], FeSe [3, 4],
GdO1-xFxFeAs (x = 0.09 – 0.21) and GdO0.88FeAs [5], Ce-1111 [2], LiFeAs [6] and
RbFe2Se2. In the Figure plotted for comparison, scaling of superconducting gaps with Tc
for iron-based superconductors is obvious. The BCS-ratio of the “leader” gap 2∆L/kBTc =
4.8 ± 1.0 testify for strong electron-boson coupling; 2∆S/kBTc = 1.1 ± 0.4. We used local
value for Tc when possible; it means the Tc namely of contact region (about 100 nm in
diameter) under study. Local Tc may significantly differ in comparison with bulk Tc of the
sample. The value of local Tc is obtained by BCS-like fits of the gap temperature
dependences ∆L,S(T). By applying two-gap BCS-model (Moskalenko and Suhl equations)
to ∆L,S(T), the relative coupling constants are derived. It is shown by us that the intraband
coupling constants are not less than interband ones (λii ≥ λij). Together with the form of
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Andreev dI/dV-dips [1] this fact points to the extended s-wave symmetry type without
sign reversal (s++) rather than pure s- or d-wave symmetry type for gaps ∆L and ∆S.
The research was supported by contracts 11.519.11.6012, 16.120.11.3264-MK of Russian
MES, RFBR grants 12-02-31269, 12-03-31717 and 13-02-01451. We thank T. Hänke,
C. Hess, G. Behr, R. Klingeler, S. Wurmehl, B. Büchner; I.V. Morozov, A.I. Boltalin,
L. Min and A.N. Vasiliev; N.D. Zhigadlo, S. Katrych, J. Karpinski; Th. Wolf, D. Chareev,
E. Osadchii; E.P. Khlybov and V.M. Pudalov for the samples synthesis and the support.
[1] R. Kümmel, et al., Phys. Rev. B 42, 3992 (1990).
[2] Ya.G. Ponomarev et al., arXiv:cond-mat/1302.5320 (2013).
[3] Ya.G. Ponomarev et al., J. Exp. Theor. Phys. 113, 459 (2011).
[4] D. Chareev et al., CrystEngComm 15, 1989 (2013).
[5] T.E. Kuzmicheva et al., arXiv:cond-mat/1302.5326 (2013).
[6] S.A. Kuzmichev et al., JETP Letters 95, 537 (2012).
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Fig. Scaling of superconducting gaps with Tc for iron-based superconductors:
2∆L/kBTc = 4.8 ± 1.0 and 2∆S/kBTc = 1.1 ± 0.4. Star points data obtained by other groups
(see Refs. in [3, Fig. 11]). Gray lines are guides to the eye. Published in [2, Fig. 8].
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We report the first observation and study of intrinsic multiple Andreev reflections effect
(IMARE; similar to intrinsic Josephson effect [1]) in natural ballistic S-n-S-…-S-arrays (S
= superconductor, n = normal metal) formed by “break-junction” technique in
GdO(F)FeAs (TCbulk = 48 ÷ 53 K).
The main features of I(V)-curves of such arrays [2] comprise an excess current at low
bias and two subharmonic gap structures (SGS), representing two sets of conductance dips
at |Vn| = 2∆L,SΝ/en (N – number of junctions in the array, n = 1,2,3,…, ∆L and ∆S –
superconducting gaps). We show that superconducting gap peculiarities in dI/dV-spectra
of such arrays sharpen dramatically with increasing N; this implies surface defects
reducing and improves significantly accuracy of the bulk superconducting parameters
determination.
Fig. 1 shows dynamic conductance spectra for both, single and array SnS-contacts (the
latter spectra were normalized to the former one). Using the IMARE spectroscopy, we
determined the gap values ∆L = 11.0 ± 1.1 meV and ∆S = 2.6 ± 0.4 meV [3]; the new
results agree well with our previous data by single SnS-contacts Andreev spectroscopy
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[4]. The coincidence between the SGS minima positions for ∆L and ∆S provides reliability
and

self-consistency

2∆L/kBTC

local

of

our

= 5.0 ÷ 5.9 > 3.52 (TC

local

results.

The

BCS-ratio

obtained

is the contact area critical temperature) evidences

for strong electron-boson coupling in the ∆L-bands. The slightly asymmetric SGS minima
for the large gap unambiguously point to an extended s-wave symmetry for the ∆L order
parameter in GdO(F)FeAs [5].
The research was supported by RFBR grants 12-02-31269, 13-02-04151.
[1] H. Nakamura, et al., J. Phys. Soc. Jpn. 78, 123712 (2009).
[2] R. Kümmel, et al., Phys. Rev. B 42, 3992 (1990).
[3] T.E. Kuzmicheva, et al., arXiv:1302.5326.
[4] T.E. Shanygina, et al., JETP Letters 93, 94 (2011); J. Phys.: Conf. Ser. 391, 012138
(2012); arXiv:1211.0257.
[5] T. P. Devereaux, P. Fulde, Phys. Rev. B 47, 14638 (1993).
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Fig.1. Dynamic conductance for single SnS-contact (upper curve) and for SnS-arrays of 2,6, 6, and
9 contacts, correspondingly (the array dI/dV-spectra were normalized to that for the single contact).
The subharmonic gap structure for the large gap ∆L= 11 ± 1.1 meV is marked by nL labels and gray
vertical stripes (the width reflects a 10% uncertainty), for the small gap ∆L = 2.6 ± 0.4 meV – by nS
labels and arrows. The curves were shifted vertically for clarity. The figure is published in [3].
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Invar-type phase separation in iron
chalcogenide superconductor RbyFe2-xSe2 as seen by Raman light scattering and from
band structure calculations
Y. G. Pashkevich1, V. Gnezdilov2, P. Lemmens3, A. Gusev1, T. Shevtsova1, K.
Lamonova1,
D. Wulferding3, S. Gnatchenko2, E. Pomjakushina4, and K. Conder4
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We propose a new scenario of the phase separation in the M2Fe4Se5 (M=K, Rb, Cs) family
of iron chalcogenide superconductors. We demonstrate that both metallic superconductive
phase and magnetic semiconducting phase are built from the same vacancy ordered
5 × 5 ×1 superstructure. The phase separation has magnetic origin. It is a system
response to an internal nonuniform pressure which develops below the magnetic ordering
temperature on the background of the vacancy-ordered phase. The internal tension is
removed by formation of regions with iron in the low-spin state which are therefore
compressed, nonmagnetic, and metallic. This invar-type scenario of the phase separation
has universal character and does not rely upon doping content as supposed by a vacancyfree model of the metallic phase. Our conclusion is based on available experimental data
as well on our Raman light scattering experiments and ab-initio band structure and phonon
calculations. We have studied Raman light scattering in superconductive single crystal
Rb0.77Fe1.61Se2 with Tc = 32 K in the wide temperature region 3 - 500K. Our spectra are
characteristic for the metallic phase that dominates at the sample surface. The observed
phonon lines demonstrate frequency, intensity, and halfwidth anomalies at
supercondutivephase transition Tc. We have also observed superconductive gap features
whereas two- magnon features that are expected for the insulating antiferromagnetic phase
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have not been detected. The number of phonon lines and high-quality polarization
symmetry of spectra evidence in favor of vacancy ordered crystalline background of the
metallic phase. This conclusion is supported by ab-initio spin-polarized band-structure
calculations which establish metallic phase for compressed vacancy ordered
superstructure with iron in low-spin state.
Fermi surfaces of the compressed, metallic, vacancy-ordered phase of Rb2Fe4Se5. (not
published)
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Ultrafast relaxation dynamics of doped antiferromagnets coupled to phonons
Out-of-equilibrium dynamics of doped two-dimensional antiferromagnetic Mott
insulators driven by a constant or a time-dependent external force represents an exciting
and widely unexplored field of both theoretical as well as experimental research. We study
by means of numerical calculations how doped holes (charge carriers) described within
the t-J model [1] and the t-J-Holstein model [2] behave under highly nonequilibrium
conditions. In particular, we are interested how the energy of the excited electronic system
is transferred to spin and phonon degrees of freedom on a femtosecond time scale.
I will first address the steady state properties of a hole within the t-J-Holstein
model, driven by a time-independent external electric field. In this case the energy gained
by the propagation of a hole along the field can flow to both spin and phonon degrees of
freedom [2]. Such an investigation of a multi-component system under nonequilibrium
conditions is motivated by recent developments of pump-probe experiments, and
addresses a highly nontrivial question about the main relaxation mechanism of twodimensional strongly correlated materials coupled to phonons. Our results indicate that for
values of model parameters as relevant for materials like cuprates, the energy in the steady
state flows predominantly to the spin subsystem.
In the second part I will discuss relaxation dynamics of doped systems after a
short laser irradiation, relevant for comparison to ultrafast experiments. First I will present
a fully quantum-mechanical study of relaxation dynamics of a Holstein polaron far from
equilibrium [3]. Moreover, I will show that a highly excited hole propagating in the twodimensional antiferromagnetic background modeled by the t-J Hamiltonian undergoes an
initial ultrafast relaxation process which is based on a generation of string states in a close
proximity of the hole. Such ultrafast relaxation process occurs on a time scale less than 10
121

femtoseconds and should be detectable in pump-probe experiments with extremely high
time resolution.
[1] M. Mierzejewski, L. Vidmar, J. Bonča and P. Prelovšek, Phys. Rev. Lett. 106, 196401
(2011)
[2] L. Vidmar, J. Bonča, T. Tohyama and S. Maekawa, Phys. Rev. Lett. 107, 246404
(2011)

[3] D. Golež, J. Bonča, L. Vidmar and S. A. Trugman, Phys. Rev. Lett. 109,
236402 (2012).
Key words: steady state, relaxation dynamics, spin excitations, phonon excitations,
pump-probe experiments

Figure: Electron-phonon correlation function of a Holstein polaron driven far from
equilibrium by a short laser excitation. (a) Weak electron-phonon interaction:
splitting of the polaron into an excited polaron and a nearly free electron. (b)
Strong electron-phonon interaction: Absence of the free electron propagation.
From Ref. [3].
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Effect of electron-lattice coupling in the electronic excitations of a
three-site Peirles-Hubbard Hamiltonian.

A. García Saravia Ortíz de Montellano1, J. Mustre de León1
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We have studied the behavior of "electronic" like excitation in a three-site PeirlesHubbard Hamiltonian as a function of the electron-lattice coupling [1]. These excitations
correspond to pure electronic excitations in the absence of electron-lattice coupling. For
values of electronic and phononic parameters typical of copper-oxide superconductors,
these excitations are far above phononic energies. As the electron-lattice coupling
increases the first "electronic" excitation shows a decrease in energy with respect to the
ground state. In contrast to the first excited state of the Peirles-Hubbard model, which
corresponds to a polaronic excitation, the energy of this excitation does not converge to
zero for strong coupling values. We have interpreted this result as evidence of partial
charge localization within the three-site cluster.
The isotope effect of this excitation becomes negative and exhibits a minimum for
intermediate values of coupling that reproduce observed lattice distortions in copper-oxide
superconductors. Unlike the isotopic shift of the polaronic excitation [2], for strong
coupling the value of the isotopic shift approaches zero as it was in the absence of
coupling. The observation of a negative isotopic shift in this "electronic" excitation is
consistent with the observation of a negative isotopic shift in photoemission experiments
by A. Lanzara et al [3].
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These results suggest that the effect of electron-lattice coupling manifests in different
ways in the excitations of the coupled many body system. This is reflected in different
manners depending on the time and length scale of the probes used to study these systems.

[1] J. Mustre de Leon et al. Physical Review Letters, 68, 3236 (1992).
[2] J. Miranda Mena et al. Journal of Superconductivity and Novel Magnetism, 20 (7-8),
603 (2007).
[3] G. Gweon et al. Nature, 430 (6996), 187 (2004).
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Superconductor-Superinsulator Duality in Two Dimensions
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For nearly a half century the dominant orthodoxy has been that the only effect of the
Cooper pairing is the state with zero resistivity at finite temperatures, superconductivity.
In this talk we discuss that Cooper pairing can generate the dual state with zero
conductivity in the finite temperature range, superinsulation.

Superconductor-

superinsulator duality rests on the symmetry of the Heisenberg uncertainty principle
relating the amplitude and phase of the superconducting order parameter. We show that
this duality realizes in the critical region of the quantum superconductor-insulator
transition (SIT) in two-dimensional systems via the duality between the vortex
Berezinskii–Kosterlitz–Thouless (BKT) transition and the charge-BKT transition
occurring at the insulating side of the SIT. Accordingly, superconductivity and
superinsulation are viewed as low-temperature vortex- and charge-BKT phases,
respectively [1]. We present experimental evidences for both transitions in disordered
films of different superconducting materials [2,3]. We discuss the origin of the long-range
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logarithmic two-dimensional Coulomb forces between the charges in the insulating state
of the films ensuring the vortex-charge duality in the critical vicinity of the SIT.
This work was supported by the Program ‘Quantum mesoscopic and disordered structures’ of the
Russian Academy of Sciences, by the Russian Foundation for Basic Research (Grant No. 12-0200152), and by the US Department of Energy Office of Science under the Contract No. DEAC0206CH11357.

Figure. (a) The sketch of the phase diagram for the superinsulator–superconductor
transition in two dimensions in the close proximity to the critical point in coordinates
temperature
(T )—critical parameter (g). In disordered films g is the conductance in the metallic phase
[published in Annals of Physics 331, 236-257 (2013), Ref.1]. (b) Plots of the logarithm of
the sheet resistance versus 1/T taken at different values of the magnetic field, showing the
transition from insulating to superinsulating state [published in JETP Lett. 88, 752 (2008),
Ref. 2].
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Magnetic-Field-Driven Phase Transitions in Josephson Arrays with
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Our combined experimental and theoretical efforts focus on the quantum phase transitions
in disordered systems.

We have experimentally studied the magnetic-field-driven

superconductor-to-insulator transition (SIT) in the arrays of nanoscale superconducting
“islands” coupled by Josephson junctions (Fig. 1) [1]. The disorder in the studied arrays
is due to the random charges on individual islands. The number of the nearest-neighbor
islands (the coordination number N) was varied between 4 and 10. The large-N arrays
compare favorably to the conventional (small-N) arrays in two respects: (a) they are better
described by the mean-field theory (MFT), and (b) they enable observation of the SIT
over a wide range of the parameters of individual junctions. The arrays with a relatively
strong Josephson coupling demonstrate the direct SIT (the symmetry between the
characteristic energies in the superconducting and insulating phases) predicted for
disordered arrays by the calculations based on the MFT [2] and cavity methods [3]. This
observation is in contrast to the earlier experiments with Josephson arrays by other groups,
where an extended “bad metal” regime was observed. Observation of anomalously small
critical currents in the superconducting phase indicates that there is a wide distribution of
the order parameter on individual islands which favors formation of weak links and quasi128

1D percolation paths (non-self-averaging systems). The arrays with a weaker Josephson
coupling demonstrate an intermediate, “bad metal” regime in weak magnetic fields. The
fact that the latter phase appears only in weak magnetic fields underlines the importance
of vortex pinning at large scales. The experiments will be compared with the results of
the mean-field simulations that explicitly take into account random charges on individual
superconducting islands.
Fig. 1. The micrograph of a portion of an
array with ten nearest-neighbor islands [1].
The array is formed by overlapping 100-nmwide Al “wires”; Josephson junctions are
formed at each intersection between the
wires. Qualitatively, the array can be viewed
as the network of wire “bundles” in which
order parameter is associated with individual
wires and each wire interacts with all other
wires in a crossing bundle.

1. J. Paramanandam, M.T. Bell, L.B. Ioffe, M.E. Gershenson, Magnetic field driven
quantum phase transitions in Josephson arrays. cond-mat arXiv:1112.6377 (2011).
2. S.V. Syzranov, A. Moor, and K.B. Efetov, Strong quantum interference in strongly
disordered bosonic insulators. Phys. Rev. Lett. 108, 256601 (2012).
3. L.B. Ioffe and M. Mezard, Disorder-driven quantum phase transitions in
superconductors and magnets. Phys. Rev. Lett. 105, 037001 (2010).
Key words: quantum phase transitions, disordered systems, emergent inhomogeneity.
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Josephson supercurrent through a topological insulator surface state
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The long-sought yet elusive Majorana fermion is predicted to arise from a combination of
a superconductor and a topological insulator. We present direct evidence for a Josephson
supercurrent in superconductor (Nb) - topological insulator (Bi2Te3) - superconductor ebeam fabricated junctions by the observation of clear Shapiro steps under microwave
irradiation, and a critical current modulation by magnetic field [1].
The dependence of the critical current on temperature and electrode spacing shows that
the junctions are in the ballistic limit on a length scale of 100 nm. Shubnikov-de Haas
oscillations in magnetic fields up to 30 T reveal a topologically non-trivial twodimensional surface state. We argue that the ballistic Josephson current is hosted by this
surface state despite the fact that the normal state transport is dominated by diffusive bulk
conductivity.
Nanostructured SQUIDs containing topological Josephson junctions are realized
experimentally [2]. Clear critical current modulation of both the junctions and the SQUID
with applied magnetic fields have been observed. We show that the SQUIDs have a
periodicity in the voltage-flux characteristic of 0 consistent with numerical expectations
[3]. We propose several strategies towards realizing a doubled periodicity, belonging to
the presence of Majorana fermions.
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Fig. 1: Top: Atomic force micoscopy image of the smooth surface of the
topological insulator bismuth-telluride (Bi2Te3). Bottom: Electron microscopy
image of the superconductor – topological insulator nano sandwich. The
spacing between the Nb superconducting electrodes on top of the Bi2Te3 flake
increases (from left to right: 50, 100, 150, 200, 250 and 300 nanometer).
References:
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Zeitler, W.G. van der Wiel, H. Hilgenkamp, A. Brinkman, Nature Materials
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Brinkman, Appl. Phys. Lett. 100, 072602 (2012).
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Brinkman, Phys. Rev. B 86, 024509 (2012).
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Josephson ladders implementing quantum critical Ising model and their
applications.
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I present the novel type of Josephson ladders that can be mapped onto the quantum Ising
model and their applications for the implementation of a tunable superinductor, the
element that is characterized by a purely inductive response and impedance much larger
than quantum (6.5 kOm).
Realization of a superinductor is a very long standing challenge. Recently, we have
designed and implemented it in very special Josephson ladders with tunable frustration.[1]
The same ladders allow an experimental realization of the one dimensional φ4 theory with
the mass that changes sign with magnetic field. Close to the critical point the low energy
excitations in this theory can be described by Ising model in transverse field. The solution
of this model shows that these excitations are Majorana fermions. Very recent
experiments shows the spectral lines that are due to these fermionic excitations. I also
show that slight variation of the ladder design allows one to implement the Hamiltonians
that can be mapped to Ising model in a wider range of the parameters (not necessarily very
close to the critical point).
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The mapping to the quantum Ising model holds only for the low energy degrees of
freedom, the physical system of Josephson junctions contains also many other high energy
degrees of freedom that renormalize the parameters of the Ising model. In order to
compare the theoretical expectations with the data we have developed the numerical
scheme that allows one to derive the parameters of the effective Ising model starting with
the Josephson junction Hamiltonian.
The applications of these ladders range from the current standard to the studies of the nonequilibrium properties of almost integrable quantum problems.
[1] M.T. Bell, I.A. Sadovskyy, L.B. Ioffe, A. Kitaev and M.E. Gershenson, Phys. Rev.
Lett. 109, 137003 (2012).

(a) Building block of the Josephson ladder that implements a superinductor and which can be
mapped onto the quantum critical Ising model
(b) Potential as a function of the phase as a function of magnetic field.
(c) Phase diagram in the plane r=EJL /EJS, Ф. Blue area denotes ordered phase.
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Nematic State of the Pnictides Stabilized by the Interplay between Spin, Orbital, and
Lattice Degrees of Freedom
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The nematic state of the iron-based superconductors is studied in the undoped limit of the
three-orbital (xz, yz, xy) spin-fermion model1 via the introduction of lattice degrees of
freedom. Monte Carlo simulations show that the electron-lattice coupling is not sufficient
to stabilize the observed lattice distortion and nematic order, and to reproduce experiments
the spin-lattice coupling is also needed. The interplay between the coupling strengths of
the lattice to the magnetic and to the orbital degrees of freedom regulates the separation
between the structural and Néel transition temperatures. Experimental results for the
temperature dependence of the resistivity anisotropy and the ARPES orbital spectral
weight are also reproduced by the present numerical simulations.
Similar results are obtained in a two-orbital model for the pnictides indicating that the dxz
and dyz orbitals are the main players in this phenomenon.
1. S. Liang et al., Phys. Rev. Lett. 109, 047001 (2012).
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The MC resistivity along the x (AFM) and y (FM) direction varying
temperature T, for the indicated values of the isotropic Heisenberg
couplings. TN and the structural transition temperature TS for spin-lattice
coupling ğ =0.16 and orbital-lattice coupling λ=0.12 are indicated with
dashed lines. The inset shows the results for ğ=λ=0.
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In the iron pnictides, magnetic and structural orders are closely intertwined. Based on a
microscopic itinerant model, we show that the stripe magnetic order of these systems is
generally preempted by an Ising-nematic order which breaks lattice symmetry but
preserves O(3) spin-rotational invariance[1,2]. This leads to a rich phase diagram as
function of doping, pressure, and magneto-elastic coupling, displaying split magnetic and
nematic tri-critical points[2]. We investigate how emergent nematic order and nematic
fluctuations affect several macroscopic properties of both the normal and superconducting
states of the iron pnictides. Examples are the anisotropic resistivity[3], the spin lattice
relaxation rate[1], the elastic modulus[4] and the opening of a pseudogap in the single
particle spectrum[2]. Finally we demonstrate that ferro-orbital fluctuations enhance the
nematic susceptibility, cooperatively promoting an electronic tetragonal symmetrybreaking.
[1] Manifestations of nematic degrees of freedom in the magnetic, elastic, and
superconducting properties of the iron pnictides,

R. Fernandes, J. Schmalian,

Superconductor Science and Technology 25, 084005 (2012).
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Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, and J. Schmalian, Phys. Rev. B 85,
024534 (2012).
[3] Anisotropic In-Plane Resistivity in the Nematic Phase of the Iron Pnictides, R. M.
Fernandes, E. Abrahams, and J. Schmalian, Phys. Rev. Lett. 107, 217002 (2011).
[4] Effects of Nematic Fluctuations on the Elastic Properties of Iron Arsenide
Superconductors, R. M. Fernandes, L. H. VanBebber, S. Bhattacharya, P. Chandra,
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Phys. Rev. Lett. 105, 157003 (2010).

Figure
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Ref.[1]):

Schematic

representation of the nematic transition in
real space: (a) transition from the disorderd
phase

to

the

magnetic

phase

breaks

O(3)xZ2-symmetry, where the Z2 (Ising)
symmetry refers to the two degenerate
ground states of magnetic stripes. (b) The
O(3)xZ2 symmetry can be broken in two
steps, First, only the Ising symmetry is
broken without long range magnetic order.
In the second step, the O(3) symmetry is
broken and the system acquires long-range
magnetic order.
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MuSR and materials studies of (1) Novel Diluted Ferromagnetic Semiconductors
Isostructural to FeAs Superconductor and (2) Topological Supercondutors
In the mid 1990's Hideo Ohno and co-workers succeeded in substituting Mn into Ga site
of a III-V semiconductor GaAs by using Molecular Beam Epitaxy (MBE), opening a field
of diluted magnetic semiconductors (DMS). Since then, ferromagnetic (Ga,Mn)As has
been extensively studied with respect to possible applications to spin sensitive electronics
(spintronics) devices. Substitution of Mn^{2+} and Ga^{3+}, however, led to limitations
as (a) very small chemical solubility which prohibits availability of bulk specimens; and
(b) simultaneous spin and charge doping leading only to p-type systems.
Collaborative effort by the group of Chanqing Jin (IOP) and the present speaker has
succeeded in synthesizing new DMS systems Li(Zn,Mn)As ([1] ferromagnetic Tc up to 50
K) and (Ba,K)(Zn,Mn)2As2 ([2] Tc up to 200 K). These systems have similar/identical
crystal structures with those of FeAs superconductors LiFeAs and (Ba,K)Fe2As2, with a
very good matching of lattice parameters. Bulk specimens of these new DMS systms
have already enabled NMR and neutron measurements, while future developments may
allow production of n-type ferromagnets, bipolar transistors, and multilayer/interface
junctions of various combinations of lattice-matched semiconductor, ferromagnet,
antiferromagnet and superconductor.
In this talk, I will describe our materials developments and MuSR studies on these
traditional [3] and novel [1,2] DMS systems. If time allows, I will also cover our MuSR
results on "topological superconductors", including time reversal symmetry breaking of
Sr2RuO4 [4], static magnetic order of (Sr,Ca)2RuO4 [5] and most recent findings on bulk
specimen of Cu0.3Bi2Se3 [6].
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Phenomenological modeling of light-induced transformations among
cooperative electronic states
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Transformations of cooperative electronic states by impacts of optical pumping or/and
electrostatic doping is a new mainstream in physics of correlated systems [1]. The timeresolved techniques span from optical femto-second setups to even newer time-sliced
ARPES and to just coming X-ray and electron diffraction. The studies are applied to
various material realizations: cuprates, oxides, chalcogenides, pnictides, organic and
polymeric conductors; they show various symmetry broken ground states – crystallization
of electrons (charge order with ferroelectricity) or of e-h pairs (charge/spin density
waves), superconductivity, Peierls and Mott insulators. All that brings to agenda the
evolution of topological defects: domain walls, vortices, dislocations - down to
microscopic solitons. The experiments stimulate a complex of theoretical problems aimed
describing many observable effects from micro to macro scales. Here we describe several
recent simulations performed with phenomenological models at macroscopic scales. We
shall recall dynamics of phase transitions [2] and of related topological defects [2,3] as
observed in CDWs. We shall present new modelling of neutral-ionic transformations in
organic compounds [4]. We recover interplays of electronic localization, lattice
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dimerization, electronic ferroelectricity; transformations of pumped excitons into
electronic strings.
Figure : Time t evolution of the string
of electronic charge transfers as a
result of self-trapping of the optical
exciton

originally

created

homogeneously over the total length x.

[1] Electronic States and Phases Induced by Electric or Optical Impacts - IMPACT-2012
September 10-14, 2012, Orsay, France. http://lptms.u-psud.fr/impact2012.
[2] R. Yusupov, et al, Nature Physics, 6, 681 (2010).
[3] S. Brazovskii, Ch. Brun, Z.Z. Wang, and P. Monceau, Phys. Rev. Lett., 108, 096801
(2012).
[4] T. Miyamoto, H. Uemura, and H. Okamoto, J. Phys. Soc. of Japan, 81, 073703 (2012).
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Fulleride Superconductivity >20 years on - Alive and Kicking
A3C60 (A = alkali metal) superconductors were known to adopt face-centered cubic (fcc)
structures with their superconducting Tc increasing monotonically with increasing
interfullerene spacing, reaching a 33 K maximum for RbCs2C60 – this physical picture had
remained unaltered since 1992. Trace superconductivity (s/c fraction<0.1%) at 40 K under
pressure was also reported in 1995 in multiphase samples with nominal composition
Cs3C60. Despite numerous attempts by many groups worldwide, this remained
unconfirmed and the structure and composition of the material responsible for
superconductivity

unidentified.

Thus

the

possibility

of

enhancing

fulleride

superconductivity and understanding the structures and properties of these archetypal
molecular solids had remained elusive.
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Here I will present our recent progress in this field in accessing high-symmetry
hyperexpanded alkali fullerides in the vicinity of the Mott-Hubbard metal-insulator
boundary and at previously inaccessible intermolecular separations. The physical picture
that emerges for the alkali fullerides is that, contrary to long-held beliefs, they are the
simplest members of the high-Tc superconductivity family. We demonstrated this by
showing that in the two hyperexpanded Cs3C60 polymorphs (fcc- and A15-structured) [13], superconductivity emerges upon applied pressure out of an antiferromagnetic
insulating state and displays an unconventional behavior – a superconductivity dome –
explicable by the prominent role of strong electron correlations.
Electronic phase diagram of fcc A3C60 fullerides shown as a function of volume occupied
per fulleride anion.
References
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Functional Oxide thin films: from single crystals to polycrystalline substrates

The Complex oxides represent a class of materials with several of exiting properties
including thermoelectricity, magnetism, superconductivity or multiferroics. Thus, there
are interesting for both fundamental research and applications. Using epitaxial strain, it is
also possible in a thin film to modify the electronic properties as compare to bulk
materials. While usually, the material is deposited on a single crystal to achieve the perfect
epitaxy, it is also possible to synthesise the film on other type of substrate. In the first
case, the film can be also be made artificially using the superlattices approach.
In this talk, I will present our recent results on superconductor superlattices [1,2] as well
as our novel approach using a polycrystalline ceramic sample that will be applied to
structured thermoelectric films.[3] At the end, it will provide insight into current
perspectives and future trends of functional oxide thin films.
[1]
[2]
[3]

A P. Boullay et al., Phys. Rev. B 83, 125403 (2011).
D. Di Castro et al, Phys. Rev. B 86, 134524 (2012).
D. Pravarthana et al., submitted (2012)

144

Vyacheslav Yukalov
Bogolubov Laboratory of Theoretical Physics
Joint Institute for Nuclear Research, Dubna 141980, Russia
yukalov@theor.jinr.ru

Statistical theory of materials with nanoscale phase separation
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We consider the so-called heterophase statistical systems with mesoscopic
phase separation. Then the considered material is formed by a mixture of several
phases, so that inside one phase there exist nanosize inclusions of another phase
(or other phases), with random shapes and random spatial locations, as is shown in
Figure.
A general approach is described for treating statistical properties of
materials with such nanoscale phase separation. Averaging over the random phase
configurations, it is possible to reduce the problem to a quasi-equilibrium picture,
with additional equations defining the geometric weights of different phases in the
mixture. The averaging over phase configurations is mathematically realized as the
functional integration over the manifold indicator functions. This procedure leads
to the definition of an effective renormalized Hamiltonian taking into account the
existence of competing phases.
Heterophase systems with mesoscopic phase separation can occur for
different substances, e.g., in optical lattices of trapped atoms [1], macromolecular
systems [2], and in nuclear matter [3].
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In the present report, the approach is illustrated by the model of a hightemperature superconductor with non-superconducting admixture and by the
model of a ferroelectric with paraelectric random inclusions. In the case of a
heterophase superconductor, it is shown that the arising regions of disorder can
increase the superconducting transition temperature.
Keywords: Nanoscale phase separation, High-temperature heterogeneous
superconductor,
Ferroelectric with paraelectric admixture

Figure: Schematic picture of a material with randomly distributed mesoscopic disorder
regions.
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Reentrant superconductivity in superconducting wires and
nanopatterned films
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We report a giant reentrance of the dissipation-free superconducting state induced by
increasing magnetic field in two seemingly disparate systems: a W-based nanowire and a
TiN perforated film densely populated with vortices. We find an extended range of fields
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and temperatures where the resistance drops over several orders of magnitude
disappearing into a noise. The dissipation at the elevated fields in these systems occurs
due to phase slips in the channels of surface superconductivity short-circuiting the
samples. Magnetic field increases vortex density and, accordingly, the effective density of
the normal excitations states. This gives rise to the increase of the nucleation energy of
phase slips and, thus, to dramatic suppression of the phase slips rate and, correspondingly,
to disappearance of the dissipation. In terms of the vortex dynamics, the reentrance of the
zero resistance can be understood as arresting the vortex motion by the self-induced
collective traps. The latter emerge due to suppression of the order parameter by vortices
confined in narrow constrictions by surface superconductivity. Our findings show that
geometric restrictions can radically change magnetic properties of superconductors and
reverse detrimental effects of magnetic field on superconductivity.
This work is supported by the Spanish MICINN and MEC (Consolider Ingenio Molecular
Nanoscience

CSD2007-00010

program,

MAT2011-27553-C02,

FIS2011-23488,

FIS2010-21883 and ACI-2009-0905), by the Comunidad de Madrid through program
Nanobiomagnet and by the Aragón regional Governement, by the Program ‘Quantum
mesoscopic and disordered structures’ of the Russian Academy of Sciences, by the
Russian Foundation for Basic Research (Grant No. 12-02-00152 and Grant No. 12-0231302), and by the US Department of Energy Office of Basic Energy Sciences under the
Contract No. DEAC02- 06CH11357.
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Kondo-like behavior in nano-scale granular aluminum.
The normal state transport properties of nano-scale granular Aluminum films, near the
metal to insulator transition, present striking similarities with those of Kondo systems (1).
Those include a negative magneto-resistance, a minimum of resistance

R at a temperature

Tm in metallic films, a logarithmic rise at low temperatures and a negative curvature of
R(T) at high temperatures. These normal state properties are typical of spin-flip scattering
of conduction electrons by local magnetic moments. Two possible locations of the free
spins are at the metal/oxide interfaces or alternatively resulting form electronic level
splitting due to the very small grain size.

The co-existence of localized magnetic

moments with the enhanced superconductivity seen in these films is discussed in terms of
the proximity to a Mottansition(2).
PACS numbers: 74.81.Bd, 36.40.-c, 72.15.Qm
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Negative magneto-resistance of a high resistivity granular Al sample. The MR scales with
(H/T) as expected for a spin flip scattering mechanism [1].
7. N. Bachar et al, http://arxiv.org/abs/1207.0970
8. “New Superconductors”, Guy Deutscher, World Scientific (2006)
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NMR Study of the Magnetic Order in the FFLO State of CeCoIn5
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A strongly-correlated superconductor, CeCoIn5, is believed to host a Fulde-Ferrell-LarkinOvchinnikov (FFLO) state [1] in a restricted region of high field and very low
temperature. The Knight shift of CeCoIn5 provides a direct evidence for the emergence of
the spatially-distributed normal quasiparticle region [2-4]. The quantitative analysis for
the field evolution of the paramagnetic magnetization and low-lying energy quasiparticle
density of state is consistent with the nodal plane formation, which is characterized by an
order parameter in the FFLO state, as shown in Figure [4]. Also we have confirmed the
coexistence of the field induced magnetic order and the FFLO state from the field
evolution of the In-NMR spectra for H//a-axis [3,4].
Here, we report our recent results of the angle, θ, dependence of NMR for external field
with respect to the ab plane. Detail phase diagram for θ-, B-, and T-parameters is obtained.
A characteristic structure of the In(2)-NMR spectra suggests that the magnetic order,
which is emerging only in the newly-discovered SC state, occurs for θ < ~20°. The
structure of the spin density wave (SDW) is modified with angle of external field. We will
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discuss implication of the coexistence of the magnetism and the spatially-modulated SC
order parameter in the Pauli limited superconductor of CeCoIn5.
[1] P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964), and A. I. Larkin and Y.
Ovchinnikov,
Sov. Phys. JETP 20, 762 (1965).
[2] K. Kumagai et al., Phys. Rev. Lett. 97, 227002 (2006).
[3] K. Kumagai, N. Kondoh, H. Shishido, and Y. Matsuda, Physica C470, S533 (2010).
[4] K. Kumagai et al., Phys. Rev. Lett. 106, 137004 (2011).
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Figure: (a) Field dependence of the paramagnetic magnetization Mp of the In(2a) (red
circles) and the In(1) (blue open circles) sites extracted from their spectra. The inset
illustrates the quasiparticle structure in the FFLO state. The nodal planes (green) with
period of 2π/q appear perpendicular to the Abrikosov vortex lattice (blue). (b)Field
dependence of the DOS of the paramagnetic quasiparticles, nqp and IN, extracted from the
In(2a) spectra. The solid line is a fit to (H-H*)1/2-dependence. (from Ref. 4.)
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Temperature dependent electronic structure and properties of low spin rare-earth
cobaltates LnCoO3
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Quasiparticle band structure of spin singlet Mott insulator LnCoO3 (Ln is a rare-earth ion)
is calculated within the multielectron LDA+GTB approach. The low spin (LS) Co+3
ground term is separated for LaCoO3 by a small spin gap Es ~10 meV from the nearest
excited high spin (HS) term. For the other cobaltates effect of chemical pressure results in
a strong increase the spin gap value without qualitative change of the underlying physics.
At T=0 the top of the valence (bottom of conductivity) band is determined by the electron
removal (addition) to the LS terms of d5 (d7) configuration. The large insulator gap is
equal to Eg=1.5 eV. At finite temperature the nonzero population of the HS d6
configuration results in the additional HS d6-HS d5 electron removal excitation forming
the in-gap band below the bottom of the valence band. The width of the in-gap increases
with temperature, Eg decreases up to zero at TIMT=585K for Ln=La and 780K for Ln=Gd.
Smooth insulator –metal transition occurs around this temperature. The magnetic
susceptibility has two maxima, the first at Ts~Es, and the second at TIMT. For another
ReCoO3 higher value of the spin gap shifts spin transition and insulator –metal transition
to higher temperatures.
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LDA+GTB single particle density of states for LaCoO3 at different temperatures
[Ovchinnikov etal, JMM
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Electron correlation effects in Sr2RuO4 revealed by angle-resolved photoemission
spectroscopy 3
Identifying many-body interactions (electron-boson and electron-electron interactions,
etc.) is essential to understand physical properties of materials. With greatly improved
energy and momentum resolutions, modern angle-resolved photoemission spectroscopy
(ARPES) allows us to investigate these interaction effects in detail. Indeed, we have
succeeded to prove tiny (~ 3 meV) isotope effects on the self-energy in the optimally
doped Bi2Sr2CaCu2O8+δ by high-precision ARPES using “low-energy” tunable photons
(hν ~ 7 eV) [1]. However, such precise self-energy analysis based on lineshape fitting is
hardly applicable and includes large uncertainty in the case of complex multiband
electronic systems.
The linear polarization helps in disentangling the complex electronic states by utilizing
the dipole selection rule, and then, we have newly constructed a “polarization-dependent”
high-resolution ARPES system. In a typical multiband superconductor, Sr2RuO4, we have
selectively observed the Ru 4dzx (4dxy) band with the p (s) polarization as shown in Fig.
1(a) [Fig. 1(b)]. With such clear cuts, we have identified the multiple electron-boson
couplings and the spin-orbit interaction [2]. In addition, we found two types of band
renormalizations; a band narrowing in the dzx band [Fig. 1(a)] and a high-energy anomaly
in the dxy band [Fig. 1(b)]. We will discuss how these distinct large energy-scale
renormalization effects can be described in terms of the self-energy derived from electron
correlation, as seen in Figs. 1(c) and 1(d) [3].
155

(a) p -pol.

Energy (eV)

0

dzx

(b) s -pol.
ARPES
LDA

dxy

(c) Ru 4dzx band

(d) Ru 4dxy band

ARPES
LDA

-1.0
∑’zx _ARPES
∑’’
zx _ARPES
∑’zx _Model
∑’’
zx _Model

-2.0
M

Γ
Momentum

M M

Γ
Momentum

M

-1.0 -0.5
0
0.5
,
,,
∑ , ∑ (eV)

1.0

∑’xy _ARPES
∑’’
xy _ARPES
∑’xy _Model
∑’’
xy _Model

-1.0 -0.5
0
0.5
,
,,
∑ , ∑ (eV)

1.0

FIG. 1. (a) and (b) ARPES image plot of Sr2RuO4 taken at 88 eV
and 10 K with p- and s-polarization, respectively. (c) and (d) Real
and imaginary parts of the self-energy, Σ′ and Σ″, derived from
ARPES and model for the (c) dzx band and (d) dxy band. After
Iwasawa et al., 2012 [3].

This work has been done in collaboration with Y. Aiura, Y. Yoshida, I. Hase, S.
Koikegami, H. Hayashi, J. Jiang, K. Shimada, H. Namatame, and M. Taniguchi.
Key words: Ruthenate, ARPES, Electron correlation
[1] H. Iwasawa et al., Phys. Rev. Lett. 101, 157005 (2008).
[2] H. Iwasawa et al., Phys. Rev. Lett. 105, 226406 (2010).
[3] H. Iwasawa et al., Phys. Rev. Lett. 109, 066404 (2012).

156

Alexander N. Yaresko
Max-Planck-Institut für Festkörperforschung,
70569 Stuttgart, Germany
A.Yaresko@fkf.mpg.de

Unusual magnetic properties of layered chromium sulfides
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We present results of DFT band structure calculations performed to study the electronic
structure and magnetic properties of two families of Cr compounds in which Cr spins form
geometrically frustrated pyrochlore (ACr2S4) [1] or triangular (MCrS2) [2] lattices.
A chromium sulfide AgCrS2 has recently attracted considerable attention due to its
multiferroic properties and unusual double-stripe magnetic order which appear below the
Néel temperature of 50 K. AgCrS2 belongs to a family of layered MCrS2 (M+=Li, Na, K,
Cu, Ag, Au) compounds in which magnetic Cr3+ (3d3) ions form a triangular lattice.
Although charge and orbital degrees of freedom in these compounds are frozen,
geometrical frustrations of magnetic interactions, inherent in the triangular lattice, lead to
fascinating magnetic properties: depending on the size of an M+ ion magnetic order in Cr
planes changes from non-collinear 120° (Li) antiferromagnetic, to double stripes (Ag, Au),
and, finally, to ferromagnetic (K). In order to understand this strong variation of the
magnetic properties we calculated total energies E(q) as a function of a wave vector q for
a number of spin spiral structures as described in Ref. [3].
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Fig. 1 E(q) curves calculated for LiCrS2,
AgCrS2, and KCrS2. The positions of minima
corresponding to 120° and double-stripe
structures are marked as q120 and q90 [2].

Then, effective exchange coupling constants j between Cr spins are estimated by fitting
E(q) to an appropriate classical Heisenberg model. We found that depending on the M size
the nearest neighbor coupling j1 changes from strongly antiferromagnetic in LiCrS2 to
ferromagnetic in KCrS2, whereas the coupling j3 between the 3-rd Cr neighbors is strong
and remains nearly constant in all the compounds. In AgCrS2 with j1<<j3 the double stripe
magnetic order is stabilized by monoclinic distortions of the crystal structure. We discuss
the microscopic origin of various j and show that similar considerations help to understand
the magnetic properties of other frustrated Cr compounds ACr2S4 with a spinel structure.
[1] A. N. Yaresko, Phys. Rev. B 77, 115106 (2008).
[2] A. V. Ushakov, D. A. Kukusta, A. N. Yaresko, and D. I. Khomskii, Phys. Rev. B 87,
014418 (2013).
[3] A. N. Yaresko, G.-Q. Liu, V. N. Antonov, and O. K. Andersen, Phys. Rev. B 79,
144421 (2009).
Keywords: b
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Within the Ruddelsden-Popper series of 5d iridium oxides Sr2n+1IrnO3n+1, the n=2 bilayer
system Sr3Ir2O7 has recently been discussed as a candidate Jeff=1/2 Mott insulator in a
manner similar to its single layer cousin Sr2IrO4. The large energy scale of spin-orbit
coupling in this system and related iridate materials has been proposed to give stabilize a
new manifestation of Mott physics where only modest correlation strength acts in concert
with spin-orbit induced bandwidth narrowing to generate a Mott gap. Relatively little
however is understood regarding the accompanying magnetic phase of this bilayer
material and its role within the formation of the system’s insulating ground state. In this
talk, we discuss our recent combined transport and neutron scattering studies probing the
electronic ground state of this bilayer insulating iridate as it is driven across a metal-toinsulator phase transition via Ru-substitution. How the candidate Jeff=1/2 Mott phase of
this 5d-electron material evolves as it is driven towards the known Fermi liquid ground
state of 4d Sr3Ru2O7 will be discussed as well as our data’s implications for the relative
role of magnetic order and spin-orbit coupling in the formation of the insulating 5d parent
phase.

Neutron scattering data exploring the magnetic and structural phase behavior of

Sr2IrO4 will also be presented as a comparator demonstrating a universal high temperature
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structural distortion in both single-layer and bilayer iridate variants as well as comparable
ordered moment sizes and critical behavior between the two materials.

Fig. 1: Neutron scattering AF peak intensities overlaid with model of c-axis aligned
moments in spin structure. Ref: Phys. Rev. B 86, R100401 (2012)

References:
C. Dhital et al., arXiv:1212.1489 (preprint)
C. Dhital et al., Phys. Rev. B 86, R100401 (2012).
key words: iridates, complex oxides, metal-to-insulator phase transitions
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Non-Fermi liquid behaviour in a common elemental metal
Despite the presence of strong interactions between electrons in a tightly packed solid, the
behaviour of most metals has been successfully described by the Fermi liquid theory,
which treats the low energy excitations in the metal as a Fermi gas of electron-like
quasiparticles, whose interactions are weak and not important. This theory has been
remarkably successful in describing metals at sufficiently low temperatures, including
systems where the interactions between the bare electrons are very strong. However, over
the last twenty-five years, many compounds have been observed to deviate from the
Fermi-liquid description. Among these are exotic materials such as copper oxides and the
intermetallic heavy fermion compounds, displaying other interesting properties such as
unconventional and indeed high temperature superconductivity (HTSC). The normal state
of HTSC is referred to as a ‘strange metal’ and displays unusual magneto-transport
properties, which have been explained by both Fermi liquid and non-Fermi liquid models.
In this talk, I will show that the non-Fermi liquid model applies to the magneto-transport
of a much simpler, elemental metal, chromium, which forms a spin-density-wave (SDW)
antiferromagnet below its Neel temperature (TN). We observe an unusual temperature
dependence of the Hall coefficient, Hall and magneto-conductivities, which we attribute to
two different scattering lifetimes associated with transport due to electric and magnetic
fields. The unusual temperature scaling of the transport coefficients we observe in
chromium is similar to the normal state magneto-transport behaviour in optimally doped
HTSCs and heavy fermion superconductors. Our observation of non-Fermi liquid
behaviour in chromium demonstrates that two dimensionality or Kondo physics are not
prerequisites for non-Fermi liquid transport behaviour in the normal state of HTSCs and
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heavy fermion superconductors and provides a much simpler starting point – an elemental
solid - for theoretical modeling.

Figure is from the article “Spintronics in antiferromagnets”, Phil. Trans. R. Soc. A 369
3646 (2011).
“Spintronics in antiferromagnets”, Yeong-Ah Soh and R. K. Kummamuru, invited paper,
Phil. Trans. R. Soc. A 369, 3646-3657 (2011).
"Electrical effects of spin density wave quantization and magnetic domain walls in
chromium", Ravi K. Kummamuru and Yeong-Ah Soh, Nature 452, 859 - 863 (2008).
“Quantum phase transition in a common metal”, A. Yeh, Yeong-Ah Soh, J. Brooke, G.
Aeppli, T. F. Rosenbaum, and S. M. Hayden, Nature (London) 419, 459 (2002).

162

II.III

Suichi Wakimoto
Quantum Beam Science Directorate, Japan Atomic
Energy Agency, Tokai, Ibaraki, Japan
wakimoto.shuichi@jaea.go.jp

Anomalous lattice dynamicsin relaxor ferroelectrics
Relaxor ferroelectrics show a frequency dependent peak in the temperature dependence of
dielectric constant, arising from the relaxational nature of randomly-oriented polarized
nanoregions (PNRs). However, the mechanism for the PNR formation is not fully
understood yet. In this talk we review anomalous lattice dynamics of provskite relaxors
which relate to the PNR formation.
Lattice dynamics in relaxor ferroelectrics seen by neutron scattering shows many
interesting behaviors. For example, in case of a prototypical relaxor Pb(Mg1/3Nb2/3)O3
(PMN), ferroelectric transverse optical phonon near zone center strongly dumps below the
Burns temperature below which PNRs are formed [1,2]. (This is often referred as a “water
fall” phenomenon.) It has been reported that zone boundary phonons also dump below the
Burns temperature [3]. In addition, atomic displacements in the PNRs calculated from
diffuse scattering intensities do not conserve the center of mass, but contains an uniform
shift of all atoms in addition to the frozen components of the transverse optical phonon
[4].

In order to clarify if these anomalies are intrinsic to the relaxor behavior, we

compared two different types of relaxors: one is PMN and the other is K1-xLixTaO3 (KLT).
In PMN, the relaxor state is realized by a random occupation of provskite B-sites by two
difference valence ions. In KLT, on the other hand, doped Li ions occupies off-center
position which triggers PNR formation. Our neutron measurements indicate that the
atomic displacements in PNR of both PMN and KLT contains uniform phase shift of all
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atoms consistently, which evidences that the uniform phase shift is an important for the
relaxor behavior [5]. In addition we will report “impurity” mode which is reported in
KLT and discuss the relation to the relaxor state.

[1] P. M. Gehring et al., Phys. Rev. Lett. 87, 227601 (2001).
[2] S. Wakimoto et al., Phys. Rev. B 65, 172105 (2002).
[3] I. P. Swainson et al., Phys. Rev. B 79, 224301 (2009).
[4] K. Hirota et al., Phys. Rev. B 65, 104105 (2002)
[5] S. H. Wemple, Phys. Rev. 137, A1575 (1964).
[6] S. Wakimoto et al., Phys. Rev. B 74, 054101 (2006).
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Magnetic Frustration, Phase Competition, and the
Magnetoelectric Effect in NdFe3(BO3)4
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The coupling between magnetism and ferroelectric polarization in so-called multiferroic
materials is a major topic of current condensed matter research, which is of large interest
for both basic science and technological applications [1,2]. NdFe3(BO3)4 is one of the
rare examples, where a significant ferroelectric polarization can be induced by applying a
magnetic field. In order to understand this strong magnetoelectric coupling, we
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investigated the complex magnetic order in this compound by element selective resonant
magnetic x-ray scattering as a function of temperature, applied magnetic field and applied
electric field. Our measurements show that the magnetic order of the Nd-sublattice is
induced by the Fe-spin order. But more importantly, we find that the magnetic frustration
between the Nd- and the Fe-sublattice results in a competition between a helicoidal
magnetic phase without ferroelectric polarization and a collinear magnetic phase with
ferroelectric polarization [3]. We conclude that this phase competition is the origin of the
magnetoelectric effect of NdFe3(BO3)4 and show that it can be used to change the
magnetic order by applying an electric field.
References
[1] S.-W. Cheong and M. Mostovoy, Nat. Mater. 6, 13 (2007).
[2] P.J. Ryan et al., Nat. Comm. 4, 1334 (2013)
[3] J.E. Hamann-Borrero, Phys. Rev. Lett 109, 267202 (2013)
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Frustration-Induced Magnetostructural Phase-Separation in a
Triangular Spin Lattice
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Strongly correlated transition-metal oxides that exhibit complex electronic-phase
inhomogeneities at the nanoscale receive much attention due to their relationship with
fascinating phenomena, such as the colossal magnetoresistance and superconductivity. In
such chemically homogeneous systems, competing states lead to phase separation of the
electron charge when it is coupled to spin or lattice degrees of freedom. Similar nanoscale
inhomogeneities, though predicted,
Impossibile v isualizzare l'immagine collegata. È possibile che il file sia stato spostato, rinominato o eliminato. Verificare che il collegamento rimandi al file e al percorso corretti.

are rare for insulating spin systems
where geometrical frustration of the
underlying spin lattice results in
competition of degenerate states. In
this respect, the frustrated spatiallyanisotropic

triangular-lattice

antiferromagnet α-NaMnO2 appears
particularly appealing as it features
unexplained coexistence of long- and
Fig. 1: Interruption of the long-range magnetic
order in the monoclinic (m) phase of the
triangular lattice (J1-J2) antiferromagnet αNaMnO2 by a nano-sized defect triclinic (t)
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island (shaded region) [2].

short- range magnetic correlations
below TN and anisotropically strained

crystal structure above TN [1]. Here, we review our comprehensive structural and magnetic
studies, including high-resolution synchrotron XRD, local-probe NMR and muon-spin
relaxation (µ+SR), which in a complementary fashion, provide a new insight to α-NaMnO2
[2]. Instead of a bulk structural phase transformation to a symmetry breaking triclinic
phase, initially suggested to justify the on-set of Néel ordering in α-NaMnO2 [1], the
current experiments reveal a remarkable magnetostructurally inhomogeneous ground
state. The puzzling phase separation entails nanoscale regions of a triclinic structure,
which interrupt the structural and magnetic continuity of the near-equivalent in energy
monoclinic matrix (Fig. 1). Néel order is the outcome of symmetry-breaking pinning sites
(e.g. interphases) due to the local-scale inhomogeneity, which is endorsed by the inherent
geometrical frustration of the triangular spin lattice. Although the ground state speaks in
favour of a large anisotropy gap and 1D magnetic excitations [3], frustration leads to
quasi-elastic excitations, which couple to competing structural phases. α-NaMnO2
provides a paradigm of nanoscale inhomogeneity in an insulating spin system, which is
coupled to phonon degrees of freedom, an intriguing complexity of frustration.
[1] M. Giot, L.C. Chapon, J. Androulakis, M.A. Green, P.G. Radaelli, and A. Lappas,
Phys. Rev. Lett. 99, 247211 (2007).
[2] A. Zorko, O. Adamopoulos, M. Komelj, D. Arčon, and A. Lappas, submitted for
publication, arXiv:1302.5099.
[3] C. Stock, L.C. Chapon, O. Adamopoulos, A. Lappas, M. Giot, J.W. Taylor, M.A.
Green, C.M. Brown, and P.G. Radaelli, Phys. Rev. Lett. 103, 077202 (2009).
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THz excitation of materials is of great interest as a means of directly coupling to lattice
and vibrational degrees of freedom in the electronic ground state in complex materials.
We have investigated the dynamics of BiFeO3 thin films excited by THz pulses of peak
amplitude ~300 kV/cm, comparable to the coercive field of the material. THz pulses were
generated by a standard tilted pulse front technique in a LiNbO3 crystal, with the resulting
dynamics tracked by time-resolved second harmonic generation techniques sensitive to the
local ferroelectric polarization. A linear modulation in the second harmonic intensity is
observed which follows the temporal profile of the THz field. This response is consistent
with an electric field induced second harmonic (EFISH) effect which can also be observed
with DC fields. A deviation from the EFISH response is observed as a function of 800 nm
polarization, consisting of a temporal reshaping of the second harmonic response. This
reshaping is a signature of a non-instantaneous coupling of the THz pulse to the
ferroelectric order, which modulates the internal field and polarization of the film. The
associated lattice displacement represents a significant fraction of the ferroelectric
distortion.
References:
1. "Ultrafast photovoltaic response in ferroelectric nanolayers", Dan Daranciang,
Matthew J. Highland, Haidan Wen, Steve M. Young, Nathaniel C. Brandt, Harold Y.
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Hwang, Michael Vattilana, Matthieu Nicoul, Florian Quirin, John Goodfellow,
Tingting Qi, Ilya Grinberg, David M. Fritz, Marco Cammarata, Diling Zhu, Henrik T.
Lemke, Donald A. Walko, Eric M. Dufresne, Yuelin Li, Jörgen Larsson, David A.
Reis, Klaus Sokolowski-Tinten, Keith A. Nelson, Andrew M. Rappe, Paul H. Fuoss,
G. Brian Stephenson and Aaron M. Lindenberg, Phys. Rev. Lett. 108, 087601 (2012).
2. "Single-cycle terahertz pulses with >0.2 V/Å field amplitudes via coherent transition
radiation", D. Daranciang, J. Goodfellow, M. Fuchs, H. Wen, S. Ghimire, D. Reis, H.
Loos, A. Fisher, A.M. Lindenberg, Appl. Phys. Lett. 99, 141117 (2011).

Fig. 1. THz-driven modulations in BFO
probed by second harmonic generation
techniques sensitive to the ferroelectric
polarization.
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Magnetic ultrathin films and multilayers investigated by soft x-ray
resonant magnetic reflectivity
This talk will focus on the capabilities of the soft x-ray resonant magnetic reflectivity, a
technique that combined the depth-resolved information of x-ray reflectivity with the
chemical selectivity of x-ray magnetic circular dichroism, to probe magnetic layers and
superlattices [1]. Indeed, heterostructures, based on the stack of ultrathin films with
different magnetic states, are nowadays intensively studied, particularly in the context of
nanomagnetism and spintronics. The size reduction increases the role of interfaces and
couplings at interfaces or through spacing layers. The determination of the magnetization
profile and modifications that occur at interfaces is an important challenge in order to
contribute to the understanding of the properties of these nanosystems. The sensitivity of
polarized soft x-ray resonant magnetic reflectivity will be discussed through selected
examples where the coupling between magnetic films can produce complex magnetic
configurations [2] and where the extension of the interfacial changes [3] as well as
complex magnetic structure within a layer [4] can be probed. Particular attention will be
paid to the capabilities of probing the three components of the magnetization across ultrathin films [2,5]. The figure illustrates the possibilities to investigate the in- and out-ofplane magnetization components.
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Figure: (a) Reflected intensities Ip, Im for right and left circular polarizations collected in the
vicinity of the Fe L3 edge, the geometry of the x-ray experiment is shown in the inset, (b) Magnetic
asymmetry (Ip-Im)/(Ip+Im) for samples displaying out-of-plane magnetization and different
couplings, (c) Magnetic asymmetry for sample S3; the sketch shows distribution of the Fe magnetic
moments in the two magnetic layers (from Institut Néel Highlight 6 and [2])

[1] J.-M. Tonnerre, E. Jal, E. Bontempi, N. Jaouen, M. Elzo, S. Grenier, H.L. Meyerheim, and M.
Przybylski, Eur. Phys. J. Special Topics 208, 177 (2012)
[2] J.-M. Tonnerre, M. Przybylski, M. Ragheb, F. Yildiz, H. C. N. Tolentino, L. Ortega,1 and J.
Kirschner, Phys. Rev. B 84, 100407(R) (2011)
[3] J. W. Freeland, J. Chakhalian, A. V. Boris, J.-M. Tonnerre, J. J. Kavich, P. Yordanov, S.
Grenier, P. Zschack, E. Karapetrova, P. Popovich, H. N. Lee, and B. Keimer, Phys. Rev. B 81,
094414 (2010)
[4] H. L. Meyerheim, J.-M. Tonnerre, L. Sandratskii, H. C. N. Tolentino, M. Przybylski,Y. Gabi, F.
Yildiz, X. L. Fu, E. Bontempi, S. Grenier, and J. Kirschner, Phys. Rev. Lett., 103, 267202 (2009)
[5] J. M. Tonnerre, M. De Santis, S. Grenier, H. C. N. Tolentino, V. Langlais, E. Bontempi, M.
Garcia-Fernandez, and U. Staub, Phys. Rev. Lett., 100, 157202 (2008)
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Various scenarios for spin flexoelectricity and incommensurate phase transitions in
multiferroics (crystals and films)
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A common scenario of magnetoelectric coupling in multiferroics is the electric
polarization induced by spatially modulated spin structures (spin cycloids). The same
mechanism called spin flexoelectricity is responsible for incommensurate-commensurate
phase transitions and for electric field driven magnetic domain walls motion in
multiferroics crystals and thin films.
The spatially varying order parameter can induce electric polarization in the
material due to the general phenomenon of flexoelectricity. This is common scenario of
magnetoelectric coupling in the so-called spiral multiferroics, i.e. the media whose
ferroelectricity is induced by intrinsic spatially modulated spin structure. The spin
ME
flexoelectricity (that is described by Lifshitz-like invariant Fin hom = −γ ijkl Pi n j ∇ k nl , where P
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is the electric polarization, and n is the magnetic order parameter vector) causes various
effects:
- Spatially modulated spin structures stabilized by electric polarization in BiFeO3-type
multiferroics (see figure) and chiral domain structure in magnetic films with broken
central symmetry.
- Incommensurate-commensurate phase transitions induced by epitaxial strains in thin
films and magnetic field induced phase transitions in multiferroic crystals
- The electric polarization associated with magnetic domain walls and pinning of
antiferromagnetic domain structure at ferroelectric domain walls.

L

Figure. The spin cycloid in BiFeO3, L is antiferromagnetic vector, M is magnetization, P is electric
polarization [A.K. Zvezdin, A.P. Pyatakov, Phys. Status Solidi B v. 246, p. 1956– 1960 (2009)].

References
1. A.K. Zvezdin, A.P. Pyatakov, On the problem of coexistence of the weak
ferromagnetism and the spin flexoelectricity in multiferroic bismuth ferrite, Europhys.
Letters (EPL), 99, 57003 (2012)
2. A. P. Pyatakov, A. K. Zvezdin, Magnetoelectric and multiferroic media, Physics
Uspekhi, 55, 557–581 (2012)
3. A.P. Pyatakov, G.A. Meshkov, A.K. Zvezdin, Electric polarization of magnetic
textures: New horizons of micromagnetism, Journal of Magnetism and Magnetic
Materials, 324, 3551–3554 (2012)
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Improper ferroelectricity and multiferroism in hexagonal 2H-BaMnO3:
a first principle study
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Magneto-electric (ME) multiferroics are materials combining ferroelectric and
(anti-)ferromagnetic orders in the same phase. These compounds present both
fundamental and technological interests and the identification of new ME multiferroics
remains particularly challenging. In this search, a special emphasis was placed on the
family of multifunctional ABO3 compounds but with limited success. The scarcity of
ABO3 multiferroics is often justified in terms of opposing requirements at the level of dstates occupancy: ferroelectricity is typically associated to d -ness while magnetism
requires partial d-state occupancy [1]. Exceptions to that rule exist however and it was for
instance predicted that the perovskite form of BaMnO3 should exhibit a ferroelectric antiferromagnetic ground state [2].
BaMnO3 does not however naturally crystallize in the perovskite structure. It prefers a 2H
hexagonal form with face sharing MnO6 octahedra [3], the exact symmetry of which
remains nevertheless unclear. The room temperature structure of 2H-BaMnO3 was first
assigned to the polar P63mc space group [4] but other authors reported 2H-BaMnO3 to
crystallize in the non-polar P63/mmc space group at room temperature [5,6], with a
structural phase transition at low temperature, possibly to a polar P63cm phase [6].
Combined with an antiferromagnetic order below 59 K, this suggests that 2H-BaMnO3
might be multiferroic at low temperature.
0

In order to clarify the possible ferroelectric nature of 2H-BaMnO3, we performed first
principles calculations. We show that the high-temperature structure should belong to the
P63/mmc space group and that 2H-BaMnO3 should then undergo an improper ferroelectric
transition to a polar P63cm ground state (see figure 1). Our study therefore confirms that
2H-BaMnO3 should be multiferroic at low temperature. We identify it also as an improper
ferroelectric. The ferroelectric phase transition mechanism in BaMnO3 appears amazingly
similar to what happens in YMnO3 [7], in spite of significantly different atomic
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arrangement, cation sizes and Mn valence state. A comparison with YMnO3 will be
performed [8].

Figure 1: BaMnO3 energy around the paraelectric state as a function of the amplitude of
the zone center polar mode (Γ2 ) at fixed amplitude of the unstable zone boundary mode
(K3). The K3 mode drives the equilibrium position of the polar mode and then produces
ferroelectricty, making 2H-BaMnO3 an improper ferroelectric. Figure adapted from
reference [9].
-
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Interfacial Coupling in Multiferroic-Ferromagnet Heterostructures.
In the push for energy efficient control of magnetically stored information, ferromagnets
have been inserted into a wide variety of functional heterostructures. Among the advances
made using electric fields to manipulate ferromagnetism the use of magnetoelectric
multiferroics stands out with room temperature opportunities. Taking advantage of the
strong interface exchange coupling in a ferromagnet magnetoelectric multiferroic
Co.90Fe.10/BiFeO3 heterostructure, we show the transfer of nanosized, electrically
changeable, magnetic domains of the magnetoelectric compound into the ferromagnet
film. The study of the multiferroic layers imprint into the ferromagnet domain structure as
a function of the BiFeO3 thickness will be presented. Furthermore, we show that the
domain coupling is coherent after the application of an electric field. Using an out-ofplane voltage configuration, nanoscale magnetic domains reverse by 180º under the
application of a mere 7V voltage pulse. The freedom to write and manipulate electric-field
responsive magnetic domains and domain walls into a ferromagnetic layer opens an
innovative route for low power magnetoresistive devices.
Heron J. T, Trassin M et al., PRL, 107, 217202 (2011)
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Evidence of the multiferroic imprint into the ferromagnet (unpublished data).
A. Ferroelectric domain architecture of the multiferroic layer.
B. Magnetic domain structure of the ferromagnet.
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In this talk, we present multiferroic properties and experimental demonstration of electricfield-induced reversal of ferromagnetic moment in perovskite orthoferrites.
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Since 1970s, some of rare-earth orthoferrites and orthochromites have been predicted to
be promising candidates as magnetoelectric and/or multiferroic materials from the
viewpoint of magnetic symmetry [1]. We experimentally demonstrated that most orthodox
perovskite ferrites GdFeO3 and DyFeO3 have ferromagnetic-ferroelectric states in which
weak ferromagnetic moment is caused by Dzyaloshinskii-Moriya interaction working on
Fe spins and electric polarization originates from the striction due to symmetric exchange
interaction between Fe and Gd(Dy) spins[2]. Moreover, we have recently succeeded in
reversing electrically the bulk ferromagnetic moment in (Dy,Tb)FeO3 system by
selectively exciting ferromagnetic-ferroelectric domain walls[3]. This work was in part
supported by JSPS FIRST program.

Fig: E-induced reversal of ferromagnetic moment in Dy0.7Tb0.3FeO3[3]
[1] T. Yamaguchi and K. Tsushima, PRB 8, 5187. (1973); A. K. Zvezdin and A. A.
Mukhin, JETP Lett. 88, 505 (2008)
[2] Y. Tokunaga et al., PRL 101, 097205 (2008); Y. Tokunaga et al., Nat. Mater. 8, 558
(2009).
[3] Y. Tokunaga, Y. Taguchi, T. Arima and Y. Tokura, Nat. Phys. 8. 834 (2012).
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Real-space observation of proximity effect by scanning tunneling
microscopy and spectroscopy

A superconductor (SC) in a good contact with a normal metal (NM) induces
superconducting properties in NM, known as proximity effect. Recently, research on the
proximity effect has been extensively studied thanks to technological advances in the
fabrication of complex mesoscopic devices. Nevertheless, many of these works addressed
macroscopic properties of the samples, and thus local information is still missing.
Here, we investigated a proximity effect at the interface between superconducting twodimensional (2D) Pb island structures and a single-atom-thick metallic layer, known as a
striped incommensurate phase of Pb on a Si(111) substrate by performing local
spectroscopy using a low temperature scanning tunneling microscope (STM). We
observed tunneling spectra with a fully-developed gap in the NM around the SC islands
and found that the induced gap decays with the distance from the SC-NM boundary. We
also studied influences on the proximity effect by the presence of external magnetic field,
which suppress the superconducting properties in both sides. The obtained experimental
results are compared with the predictions of the quasiclassical theory based on the Usadel
equation.
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Coherent quantum phase slip phenomena in superconducting nanowires
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We have studied the electron transport properties of ultra-narrow superconducting
titanium nanowires and the decay of persistent currents in narrow titanium nanorings.[1,2]
Recently it was predicted that a superconducting nanowire in the regime of QPS is dual to
a Josephson junction. In particular case of an extremely narrow superconducting nanowire
imbedded in a high-impedance environment the duality leads to an intuitively
controversial result: the superconductor should enter an insulating state. We have
experimentally demonstrated [3] that the I-V characteristic of such a wire indeed shows
Coulomb blockade (Fig. 1a) which disappears with application of a critical magnetic field
and/or above the critical temperature proving that the effect is related to
superconductivity.
The quantum duality with Josephson systems can be exploited further.
Application of an external RF radiation can be used to synchronize with the internal Bloch
oscillations of the current-biased 'superconducting' nanowire. The phenomenon is dual to
the well-known Shapiro effect. The voltage steps for a Josephson junction are substituted
by the current steps for a QPS wire. The position of the n-th step follows the relation In =
n×(2e)×fRF, where fRF is the frequency of external RF radiation and 2e is the charge of a
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Cooper pair(Fig. 1b). In addition to a significant importance for basic science, utilization
of the QPS effect is expected to lead to the important metrological application - the
quantum standard of electric current and the new generation of quantum logic devices qubits.

Fig 2: Multiterminal titanium nanostructure with three adjacent nanowires each with length L = 20
µm and the external high-Ohmic bismuth probes with resistance Rp 10 MΩ. (a) The I−V’s
demonstrate the Coulomb blockade for all three neighboring parts of the same nanostructure.
Arrows indicate the direction of the current sweep. The Coulomb gap VCB decreases with increase
of the temperature and disappears above 450 mK (right inset). Application of the gate voltage
VGATE quasi-periodically modulates the Coulomb gap (left inset). (b) Application of external
radiation with the frequency fRF generates non-monotonous peculiarities at positions In = 2e×fRF
×n. Inset: schematics of the structure. [3]

[1] J.Lehtinen, T.Sajavaara, K. Arutyunov, M. Presnjakov and A. Vasiliev, Phys. Rev. B
85, 094508 (2012)
[2] K. Arutyunov., T. Hongisto, J. Lehtinen, L. Leino and A. Vasiliev, Nature: Sci. Rep. 2,
293 (2012)
[3] J. Lehtinen, K. Zakharov and K. Arutyunov, Phys. Rev. Lett. 109, 187001 (2012)
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Quantum fluctuations in nanosclae superconductors
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It is a textbook knowledge that superconductivity is a collective phenomenon. With rapid
development of nanotechnology and the inevitable trend towards miniaturization, one may
ask a reasonable question: What is the minimum size of a ’collective’ which enables
superconductivity? Within the BCS model the immediate answer would be: When the
size-dependent renormalization of the electron-phonon interaction disables formation of
Cooper pairs. We will demonstrate that at much larger scales qualitatively different
phenomena – the quantum fluctuations (QF) – are capable to suppress the three principal
manifestations of superconductivity:

the zero resistivity [1], the persistent currents

responsible for the perfect diamagnetism (Meissner effect) [2] and the energy gap in the
excitation spectrum.
In addition to the importance for basic science, the phenomenon of quantum fluctuations
has the strong potential for development of important applications: elements of quantum
logic (qubits) [3] and the quantum standard of electric current [4]
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Fig 3: (a) Schematics of measurements and SEM image of the ring-shaped nanostructure where the
impact of quantum fluctuations on persistent currents have been studied. (b) Flux dependencies of
the tunnel current modulated by the persistent current circulating in the loop. Top data (□) - for
‘thick’ sample (weak fluctuations), bottom data (●) - for ‘thin’ sample, where the magnitude of the
oscillations is dramatically suppressed by quantum fluctuations. Solid lines represent model
calculations. Inset shows simulation: What would be the tunnel current oscillations in the ‘thin’
sample in the classical limit [2].

[1] K. Yu. Arutyunov, D. S. Golubev, and A.D. Zaikin, Physics Reports 464, 1 (2008).
[2] K. Arutyunov., T. Hongisto, J. Lehtinen, L. Leino and A. Vasiliev, Nature: Sci. Rep.
2, 293 (2012)
[3] O. V. Astafiev, L. B. Ioffe, S. Kafanov, Yu. A. Pashkin, K. Yu. Arutyunov, D. Shahar,
O. Cohen, & J. S. Tsai, Nature 484, 355 (2012).
[4] J. Lehtinen, K. Zakharov and K. Arutyunov, Phys. Rev. Lett. 109, 187001 (2012)

185

Mihail D.Croitoru
Theoretische Physik III, Universität Bayreuth, D-95440 Bayreuth,
Germany
mikhail.croitoru@uni-bayreuth.de

Coherent dynamics of pairing in superconducting nanowires
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Advances in ultra-short THz sources, which can now produce pulses both shorter than the
intrinsic time scale for superconductors and with frequencies of the order of the
superconducting gap,1 made it possible to study experimentally coherent dynamics of
pairing correlations in conventional superconductors. Experimentally this was visible so
far mostly in cold atomic Fermi gases where the time-dependent pairing interaction can be
readjusted almost instantaneously by magnetic field tuning through a Feshbach resonance
in particle scattering. Recently an experimental study of the nonequilibrium BCS state
dynamics by intense THz pulses in a superconducting NbN film was reported.2 The used
set up fulfills requirements necessary for the formation of the coherent dynamics.
Furthermore, technological developments resulted in the fabrication of high-quality
superconducting nanoscale systems.3 Thus, a wide variety of novel phenomena associated
with the dynamical interplay of confined geometry and pairing correlations can become
accessible.
Here we investigate a time evolution of the BCS condensate in superconducting nanowires
on a time scale short compared to the quasiparticles relaxation time, which are driven by
ultra-short external electromagnetic pulses in non-adiabatic regime. In a static setting,
quantization of the electronic states induced by the geometry of the nanowire has been
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shown to lead to a number of qualitatively new phenomena, e.g. quantum-size
oscillations/resonances.4 We demonstrate that the quantum-size oscillations can also
considerably affect the coherent dynamics of the nanowire. In particular, when the system
is close to one of the resonances the long-time asymptotic of its dynamics changes and
does no longer follows the dependence t−1/2 well known for the bulk systems,5 becoming
t−3/4 instead. The effective time of the relaxation shortens and the dynamics of the order
parameter may depart from the single frequency oscillation (see Fig. 1).
The calculations are done using the density-matrix formalism combined with the
Bogoliubov-Hartree-Fock approach, which is sufﬁcient for the investigation of fast
coherent dynamics of the system.

Fig. 1: The time dependence of the spatially averaged order parameter forD = 6.658 nm.
[1] D. J. Hilton, R. P. Prasankumar, et al., J. Phys. Soc. Jpn. 75, 011006 (2006); H. Hirori,
A. Do, F. Blanchard, and K. Tanaka, Appl. Phys. Lett. 98, 091106 (2011); J. A. Fülöp,
et al.,
Opt. Lett. 37, 557 (2012).
[2] R. Matsunaga and R. Shimano, Phys. Rev. Lett. 109, 187002 (2012).
[3] Y. Guo, Y.-F. Zhang, X.-Y. Bao, et al., Science 306, 1915 (2004); M. Zgirski, et al.,
Nano Lett. 5, 1029 (2005).
[4] A.A. Shanenko and M. D. Croitoru, Phys. Rev. B 73, 012510 (2006); M. D. Croitoru et
al., Phys. Rev. B 80, 054505 (2009); A. A. Shanenko, et al.,Phys. Rev. B 82, 104524
(2010).
[5] A. F. Volkov and Sh. M. Kogan, Sov. Phys.-JETP, 38, 1018 (1973); E. A.
Yuzbashyan,
O. Tsyplyatyev, and B. L. Altshuler, Phys. Rev. Lett. 96, 097005 (2006).
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Phase separation of antiferromagnetic ground states in systems with imperfect
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We analyze the phase diagram for a system of weakly-coupled electrons having an
electron- and a hole-band with imperfect nesting [1]. We show that the uniform ground
state of this model is unstable with respect to electronic phase separation in a wide range
of model parameters.
We assume that both the electron and hole bands have spherical Fermi surfaces, but their
radii are slightly different, with a mismatch proportional to the doping. This model was
proposed by Rice and is used to describe: the antiferromagnetism (AFM) of chromium
and its alloys, superconducting iron pnictides and chalcogenides, AA-stacked graphene
bilayers, as well as other structures ([1-3] and references therein). It is known that the
commensurate and incommensurate AFM states can exist in the systems with imperfect
nesting. The latter is characterized by a non-zero wave vector Q describing a smooth
variation of the AFM order. The phase separation in a wide range of parameters occurs
due to the competition between these two AFM states. The calculations were performed in
the mean-field approximation, which is exact in the limit of small coupling. We derive the
dependence of the chemical potential on doping and observe that this dependence is
nonmonotonic, which means the instability of the homogeneous state. Using Maxwell
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construction we obtain the phase diagram of the system, shown in Fig. 1 for the case when
the density of the “non-magnetic” electrons is small. In the phase separated state the
system consists of the regions with commensurate and incommensurate AFM ordering.
However, the latter one is sensitive to disorder and could be replaced by paramagnetic
state. We argue that the phase separation can be of importance for other models with
imperfect nesting.

Fig. 1. Phase diagram: TN is the Neel temperature (solid line), TQ is the boundary between
commensurate (Q = 0) and incommensurate (|Q| > 0) AFM states (dotted line), Tps is the
boundary between uniform and phase separated states (dashed lines).
1. A.L. Rakhmanov, A.V. Rozhkov, A.O. Sboychakov, F. Nori, Phys. Rev. B, 87, 075128
(2013)
2. A.L. Rakhmanov, A.V. Rozhkov, A.O. Sboychakov, F. Nori, Phys. Rev. Lett., 109,
206801 (2012)
3. A.O. Sboychakov, A.L. Rakhmanov, A.V. Rozhkov, F. Nori, Phys. Rev. B (rapid
communications) in print (2013)
Key words: phase separation, imperfect nesting, antiferromagnetism
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We study the ultrafast dynamics of unconventional superconductors from a microscopic
viewpoint employing density-matrix theory [1]. In particular, we derive and solve
numerically equations of motions which allow calculating the resulting oscillations of the
superconducting order parameter exactly. In a next step we study the role of phonons in
the non-equilibrium state. The dynamics of coherent phonons after excitation with a short
intense pump pulse can be treated at a fully quantum kinetic level [2]. We find that in the
nonadiabatic regime the generation of coherent phonons is resonantly enhanced when the
frequency of the order parameter oscillations is tuned to the phonon energy which might
be achieved by changing the pump pulse intensity. In the case of incoherent phonons we
use a bath approximation and calculate the 2-color time-resolved Raman signal and
compare with data on the high-Tc compound Bi2212 [3]. Finally, we extend our theory to
2-band superconductors and study the characteristic changes of the oscillations of the
superconducting gaps due to interband coupling. Applications to MgB2 and Fe-pnictide
superconductors are addressed [4].
Keywords: Superconductivity, time-resolved dynamics, density-matrix theory
[1] J. Unterhinninghofen, D. Manske, and A. Knorr, PRB 77, 180509 (R) (2008).
[2] A. Schnyder, D. Manske, and A. Avella, PRB 84, 214513 (2011).
[3] R.P. Saichu et al., PRL 102, 177004 (2009).
[4] A. Akbari, A. Schnyder, D. Manske, and I. Eremin, EPL 101, 17002 (2013).
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Quasi-particle properties due to Fermi surface nesting of superconducting materials
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Normal state of superconducting materials is characterized by correlated quasi-particles
which can be treated in a weak coupling limit in two cases : the pnictides and the BEDT
based superconductors (kappa-(BEDT-TTF)2X salts).
We have studied the role of spin fluctuations on the normal state properties of quasi-2D
systems showing a nesting property of the Fermi surface in a Fermi liquid approach, using
the Random Phase Approximation.
We have calculated the self-energy , the spectral function and the density of states of the
normal state taking into account the spin fluctuations. We determine the temperature
dependence of scattering rate and we show clearly the spin fluctuation effect with the
appearance of a crossover between a Fermi liquid behavior and a marginal Fermi liquid
behavior. This crossover is analyzed and liked the nesting properties.
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Fig1: Phase diagram of κ-(BEDT-TTF)2X salts [3].

Fig 2 : Scattering rate as a function of T2

[3].

We show that transport properties are strongly affected by these spin fluctuations and the
pressure dependence of the resistivity of the pnictides can be explained by our model.
Our results showing abnormal properties in the normal state are also in a good agreement
with magnetic, transport and optical experiments done in kappa-(BEDT-TTF)2X salts [12-3].

[1] R. Louati, S. Charfi-Kaddour, A. Ben Ali, R. Bennaceur, M. Héritier, Phys. Rev. B 62
(2000) 5957-5965.
[2] D. Meddeb, S. Charfi-Kaddour, M. Héritier, R. Bennaceur, Physica B 404 (2009) 545.
[3] D. Meddeb, S. Charfi-Kaddour, D. Meddeb, H. Héritier, Phys. Rev. B 85 (2012)
245129 .
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Incommensurate spin density wave and phase separation in
doped pnictides
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A possible mechanism of electronic phase separation in iron-based superconducting
materials is proposed. It is based on the imperfect nesting of different portions of the
Fermi surface in doped iron pnictides and chalcogenides. Similar approach [1] can be
applied also to other materials with imperfect nesting, such as AA stacked graphene
bilayer [2,3], chromium alloys, etc.
We model the Fermi surface as consisting of two nearly circular hole pockets located near
(0,0) point and two elliptically shaped electron pockets centered at (0,π) and (π,0) points
[4]. The ellipticity of the electron bands is characterized by parameter α, where α=0
describes the circle and α → ∞ corresponds to the limit of infinitely thin ellipse.
The bonding of charge carriers belonging to one electron and one hole bands by a weak
electron-electron interactions leads to the formation of the commensurate spin-densitywave (SDW) order with a gap ∆0 and nesting vector Q0=(π,0). Upon doping the
commensurate SDW phase is changed to the incommensurate one with ∆<∆0 and
Q=Q0+q, where |q|<<1. The vector q can be either parallel or perpendicular to Q0
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depending on model parameters. We show that in some doping region the ground state is
unstable toward the electronic phase separation, where separated phases are
commensurate and incommensurate SDW phases with different electronic concentrations.
This instability occurs due to the competition between commensurate and incommensurate
SDW states [1]. The phase separation is more favorable for larger electron-electron
interaction.
The typical phase diagram of the model in the x-α plane. Parameter α describes the
ellipticity of the electron bands. 1st, 2nd – the order of phase transition. PM – paramagnetic
state. PS – phase separation. The solid and dashed black curves inside the region of the
phase separation (PS) show the phase boundaries between commensurate and
incommensurate SDW states, which would exist without taking into account the phase
separation.

[1] A.L. Rakhmanov, A.V. Rozhkov, A.O. Sboychakov, and F. Nori, Phys. Rev. B, 87
075128 (2013).
[2] A.L. Rakhmanov, A.V. Rozhkov, A.O. Sboychakov, and F. Nori, Phys. Rev. Lett. 109,
206801 (2012).
[3] A.O. Sboychakov, A.L. Rakhmanov, A.V. Rozhkov, and F. Nori, arXiv:1302.1994 (to
be published in Phys. Rev. B).
[4] I. Eremin and A.V. Chubukov, Phys. Rev. B 81, 024511 (2010).
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The spatial separation of conducting and highly-polarizable, insulating regions due
to partial Keldysh-Kopaev phase transition: metal-insulator in cuprate and ironbased superconductors

The known HTSC-concept of spatial separation of conducting and highly-polarizable,
insulating regions is considered for high-Tc cuprate and iron-based superconductors. Such
separation is realized in pseudogap regime (Tc < T < T*) when in conducting planes of
these compounds it is formed a stripe structure with charge (C) and AF-ordered, spin (S)
stripes, alternating with one other. It is demonstrated that formation of both stripe
structure and partial gap (pseudogap) in electron energy spectrum is characteristic for
Keldysh-Kopaev (KK) model of metal-insulator phase transition which thermodynamics
is quite similar to superconducting one (Fig.1), however, partial dielectric gap Σ(0) is
decreasing function of doping in contrast to dome-shaped doping dependence of SC gap
∆(0). The evidence for such transition is well pronounced in lightly-doped cuprates while
at doping level, corresponding to SC compounds, both dielectric (KK) and SC transitions
interfere with decreasing temperature. In both cuprates and iron-based superconductors
the normal-state dielectric (KK) phase transition is incommensurate SDW in nature, and
dynamical in character.
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Fig.1. Partial KK phase transition: evolution of dielectic (Σ) gap (pseudogap) and SC (∆) gap (a);
C-stripes (circles) alternating with S-stripes (arrows) in CuO2-plane; wavy lines correspond to
planar CT-excitons in S-stripes (b) [1-3].

On the other hand, the spatially-separated, in-plane stripe structure in Fig.1b provides
necessary conditions for realization of the Little-Ginzburg exciton mechanism of HTSC in
planar geometry of so-called Ginzburg HTSC-“sandwich” since geometrical and (chargetransfer (CT)) excitonic parameters of such structure are exactly within optimal range of
parameters for this “sandwich” [2]. The similar picture is in pnictides. Such conclusion
indicates the possibility for Tc rise in similar transition metal compounds with higher
energy of CT-transition in AF-ordered layers [3].
1. L.S.Mazov, arXiv: cond-mat: 0805.4097 (2008).
2. L.S.Mazov, arXiv:cond-mat: 0911.4089 (2009).
3. L.S.Mazov, Phys.Proc. 36, 735 (2012).
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Topological Insulators: A New Platform for Fundamental Science and Applications
Topological insulators constitute a new phase of quantum matter whose recent discovery
has focused world-wide attention on wide-ranging phenomena in materials driven by spinorbit coupling effects well beyond their traditional role in determining magnetic
properties. I will discuss how by exploiting electronic structure techniques we have been
able to predict and understand the characteristics of many new classes of binary, ternary
and quaternary topologically interesting systems. The flexibility of chemical, structural
and magnetic parameters so obtained is the key ingredient for exploring fundamental
science questions, including novel spin-textures and exotic superconducting states, as well
as for the realization of multi-functional topological devices for thermoelectric,
spintronics, information processing and other applications. I will also highlight new
insights that have been enabled through our material-specific modeling of angle-resolved
photoemission (ARPES) and scanning tunneling (STS) spectroscopies of topological
surface states, including effects of the photoemission and tunneling matrix element, which
is well-known to be important for a robust interpretation of various highly resolved
spectroscopies. See [1-3] for our recent work and references cited therein. Work supported
by the Materials Science & Engineering Division, Basic Energy Sciences, U. S. D. O. E.
[1] W-F Tsai et al., Nature Communications (2013).
[2] F-C Chuang et al., Applied Physics Letters 102, 022424 (2013).
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[3] Y. Okada et al., Nature Materials (2013).

Proposed design of a spin-filter based on a

Prediction of half-Heusler ternary alloys as

one layer thick Si sheet (silicene). [W-F

a new class of topological insulators. [H.
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New phases and collective properties of Dirac electrons in graphene and topological
insulators
keywords: graphene, topologicl insulator, collective effects
Graphene, a two-dimensional form of carbon with honeycomb lattice, has attracted a lot of
attention of condensed-matter community due to its unique properties and applications
possibilities. Low-energy dynamics of electrons in graphene is described by twodimensional Dirac equation for massless particles. Topological insulators is the new state
of crystal that was recently became to study both theoretically and experimentally. 3D
topological insulators have insulating bulk and topologically protected helical states on the
surface that can be described by Dirac-like equation for massless particles analogously to
electrons in graphene. Similarity and distinctions between chiral Dirac electrons in
graphene and on the surface of topological insulator will be discussed. Collective
excitations and different phases in Dirac electrons in topological insulator, graphene and
graphene based structures are considered.
Electron-hole pairing caused by Coulomb interaction in the system of independently gated
graphene layers separated by dielectric barrier is discussed. The theory of Cooper pairing
of massless spatially separated Dirac electrons and holes at strong coupling in graphene
bilayer and in two surface layers of topological insulator film is presented. Various
factors, leading to enlargement of the critical temperature at strong coupling beyond
Bardeen-Cooper-Schrieffer model predictions, are considered. These factors are multiband character of the pairing, dynamical and correlation effects. Importance of correlation
effects is demonstrated.
Dependence of critical temperate on mismatch of Fermi lines of e and h and value of
triagonal warping of their spectrum is obtained. We predict appearance of the state with
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finite value of Cooper pair momentum - Larkin-Ovchinnikov-Fulde-Ferrell-like (LOFF)
state at mismatch of the Fermi lines above the critical value. We show that spatial
structure of the order parameter in LOFF-like state can be reconstructed from the
dependence of tunnel current between the layers on value and direction of parallel
magnetic feld.
We also consider self-consistent suppression of the screening of electron-hole Coulomb
interaction due to appearance of the gap, leading to formation of exotic strongly-correlated
state.
Spin-plasmon excitations appearing due to spin-momentum locking of Dirac electrons are
analysed. Properties of new quasiparticles, dyons - coupled electrons and magnetic
monopole–like polarization originated from magnetoelectric effect in topological
insulators will be discussed.
Yu.E. Lozovik, S.Ogarkov, A.A.Sokolik, Philosophical Transactions of the Royal Society
A368, 5417-5429 (2010).
D. K. Efimkin, Yu. E. Lozovik, A. A. Sokolik, Phys. Rev. B 86, 115436(2012).
Yu. E. Lozovik, S. L. Ogarkov, A. A. Sokolik, Phys. Rev. B 86, 045429 (2012).
Efimkin D.K., Lozovik Yu.E., Sokolik A.A., Nanoscale Research Letters 2012, 7:163
(2012).
Yurii E Lozovik, Alexey A Sokolik, Nanoscale Research Letters 7 ( 1 ), 134 (2012).
Yu.E.Lozovik , Physics: Uspekhi, 182, No.10, (2012).
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In one-dimensional electronic systems with degenerate ground state, the solitons take over
normal electrons as primarily elementary excitations – carriers of spins and/or charge. The
solitons serve as nucleuses of stripes to which they aggregate with increasing of the
dimensionality. The role of solitons was elucidated in early 1980’s thanks to extensive
studies of the polyacetylene, but then the attention was switched to physics of excitons [1]
in more conventional polymers which served in applications of light emission and
harvesting. The new recent attention to solitons is initiated be synthesis of a new type of
polymers possessing a degenerate ground state which combines the build-in dimerization
of sites and the spontaneous Peierls dimerization of bonds. Such a symmetry broken state
is an electronic ferroelectrics with solitons acquiring also the new role of domain walls
among domains with opposite polarizations. That gives rise to curiosity of non-integer
variable charges, to partial charging of spin-carrying solitons, to interference of low
frequency response of the polarization with optical features of solitonic mid-gap states.
The new access to solitons comes from experiments on nano-fibers of these polymers
performed in both high magnetic and high electric fields [2]. The major outcome is the
“vanishing magneto-resistance ” observed only for cases of the degenerate ground state.
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The nonlinear I-V characteristics can be explained [3] by competition of the solitons’
pairing due to interchain interactions with the tunneling deconfinement of these pairs by
the electric field. The role of the magnetic field is to discriminate between spin carrying
polarons trapped at dopants and deconfined spinless solitons.
[1] S. Brazovskii, N. Kirova , Chem. Soc. Rev., 39 (2010) 2453.
[2] A. Choi, K. H. Kim, S. J. Hong, M. Goh, K. Akagi, R. B. Kaner, N. N. Kirova, S. A.
Brazovskii, A. T. Johnson, D. A. Bonnell, E. J. Mele, and Y. W. Park, Phys. Rev. B 86
(2012) 155423
[3] N. Kirova, S. Brazovskii, Physica B 404 (2009) 382.
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Chirality in Electronic Crystals
Helical arrangements of spins are common among magnetic materials. The first material
to harbor a corkscrew pattern of charge density on the other hand, was discovered only
relatively recently [1]. This difference can be directly attributed to the nature of the
involved order parameters: whereas rotating a magnetic vector around a propagation
vector trivially yields a helical pattern, the purely scalar charge density cannot
straightforwardly support a chiral state.
Here, I will resolve the paradox of how chiral charge order could nonetheless be observed
in the charge density wave material 1T-TiSe2, by identifying the microscopic mechanism
underlying its formation. It is shown that the emergence of chirality –or, more generally,
broken inversion symmetry– is accompanied by the simultaneous formation of orbital
order [2]. This mechanism may in fact be expected to be a rather generic property of a
broad class of charge ordered materials, which includes transition metal dichalcogenides
like 2H-TaS2, elemental metals like Te and Po, as well as other material groups [2].
It will also be shown how the onset of this type of combined charge and orbital order in
1T-TiSe2 can be observed experimentally [3]. The lattice distortions associated with the
charge order can be seen in X-ray diffraction experiments, while the formation of chiral
domains leaves clearly identifiable signatures in the electrical resistivity. The onset of the
chiral orbital order can also be seen in the specific heat, as a sharp peak below the initial
charge ordering temperature. All of these signatures
have recently been observed, and are found to be in close agreement with theoretical
predictions [3].
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Figure 1: The chiral orbital order in TiSe2, showing the most occupied Ti 3d-orbitals
(blue) and the least occupied Se 4p-orbitals (two per site).
References:
1. J. Ishioka et al., Phys. Rev. Lett., 105, 176401 (2010).
2. J. van Wezel, Europhys. Lett., 96, 67011 (2011), Phys. Rev. B, 85, 35131 (2012).
3. J.-P. Castellan et al., arxiv/1204.1374 (2012).
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Novel relativistic Mott-insulating state in Na2IrO3
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5d-based transition metal oxides represent a novel class of materials which attracted a
growing interest in the last decade for giving rise to unconventional states of matter. In
particular, a few members from the family of iridates, so far the most investigated, have
been proposed to be the realization of an unconventional spin-orbit assisted Mott-Hubbard
physics.
To test this proposal, we have studied the newest addition to the iridate family, Sodium
Iridate (Na2IrO3), by Angle Resolved Photoemission Spectroscopy (ARPES), optical
conductivity, and band structure calculations in the local-density approximation (DFTLDA). ARPES on electron-doped (via Potassium adsorption) surfaces and optics turn out
to be in remarkable agreement and return an insulating gap ∆~340 meV, while the LDA
analysis shows an unprecedented finding: without spin-orbit coupling (SOC) the system
would be metallic, but with SOC density functional theory predicts an insulating behavior.
Further analysis then shows how the correct gap magnitude can only be reproduced with
the addition of a Hubbard U=3 eV. This establishes Na2IrO3 as a novel type of Mott-like
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correlated insulator in which Coulomb and relativistic effects (SOC) have to be treated on
an equal footing.
Key words: Iridates, Mott-Hubbard insulator, Spin-orbit coupling
Journal Ref.: Phys. Rev. Lett. 109, 266406 (2012)
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Excitation spectrum of YBa2Cu3O7-x probed by a Single Electron Transistor
D. Gustafsson, D. Golubev*, M. Fogelstöm, S. Kubatkin, T. Claeson, T. Bauch and
F. Lombardi
Quantum Device Physics Laboratory, Microtechnology and Nanoscience, Chalmers
University of Technology, SE-41296, Göteborg, Sweden
*Karlsruhe Institute of Technology, Karlsruhe, Germany
The realization of High critical Temperature Superconductors (HTS) devices at the
nanoscale can give the possibility to explore the reach physics of these materials in
regimes not yet explored, getting new insights into the origin of the microscopic coupling
mechanism in these material. Here, we report on our recent progress in realizing a
spectroscopic technique based on an HTS nanoscale device that allows an unprecedented
energy resolution thanks to Coulomb blockade effects, a regime practically inaccessible in
these materials previously [1].
We have fabricated and measured an all YBa2Cu3O7-x (YBCO) Single Electron
Transistor (SET). We find that the energy required to add an extra electron to a nanometer
size YBCO island depends on the parity (odd/even) of the excess electrons on the island
itself and increases with magnetic field. This is inconsistent with a pure dx2−y2-wave
symmetry and demonstrates a complex order parameter component on the island that
needs to be incorporated into any theoretical model of HTS. By using both a semiclassical
and tight binding model calculation for the island

we will also discuss the possible

symmetry of the subdominant imaginary order parameter.
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[1] D. Gustafsson, D. Golubev, M. Fögelstrom, T. Claeson, S. Kubatkin, T. Bauch and
F. Lombardi Nature Nanotechnology 8, 25 (2013)
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Phase coherence in one-dimensional superconductivity by power-law hopping
A central result in one-dimensional (1D) superconductivity is that even at zero
temperature quantum fluctuations destroy phase coherence. Here we put forward a
mechanism which can restore phase coherence: power-law hopping. We study a 1D
attractive-U Hubbard model with power-law hopping by Abelian bosonization and
density-matrix renormalization group (DMRG) techniques. The parameter that controls
the hopping decay acts as the effective, non-integer spatial dimensionality d_eff. We show
analytically that for any d_eff > 1 at zero temperature, power-law hopping suppresses
fluctuations and induces phase coherence, namely, long-range superconducting order. A
detailed DMRG analysis fully supports these findings. These results are also of direct
relevance to quantum magnetism as our model can be mapped onto a spin-chain with
power-law decaying couplings, which can be studied experimentally by cold ion-trap
techniques.
Based on : arXiv:1212.6779 Submitted to PRL
Authors: Alejandro M. Lobos, Masaki Tezuka, Antonio M. García-García
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Novel superconductivity of FeSe thin films
Qi-Kun Xue

Searching for superconducting systems with high transition temperature (TC) is one of the
most exciting and challenging fields in physics and materials science. By using MBE
technique, we are able to prepare stoichiometric and superconducting FeSe single
crystalline films on various substrates (STO, 6H-SiC and Si), which enables us investigate
superconductivity mechanism of FeSe thin films in a well-controlled way. By using low
temperature scanning tunneling spectroscopy, a superconductive gap more than 20 meV
(2.2 meV for bulk FeSe) and the vortex state under high magnetic field are revealed in the
single unit-cell thick FeSe films on SrTiO3(001) substrate. High TC is confirmed by recent
transport measurement. Our study not only demonstrates a powerful way for finding new
superconductors and for raising TC, but also provides a well-defined platform for
systematic study of the mechanism of unconventional superconductivity by using different
superconducting materials and substrates.
The study is collaborated with Xucun Ma, Lili Wang, Yayu Wang, Xi Chen, Ke He, Congjun Wu,
Xingjiang Zhou, Jian Wang, and Jinfeng Jia.
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Macroscopic quantum phenomena decay in YBCO Josephson junctions and possible
nano domains encoding
F. Tafuri1,2,3, D. Massarotti3, D. Stornaiuolo3, L. Galletti3, L. Longobardi1, D.
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Macroscopic quantum phenomena leave their quantum signature in the switching process
from the zero voltage to the finite voltage branch in the current-voltage (I-V)
characteristics. Mesoscopic effects encode their fingerprints as well in the I-V curves.
We investigate escape dynamics in high critical temperature superconductors (HTS)
Josephson junctions and nano-sized systems. Escape dynamics has revealed different
tunable levels of dissipation and macroscopic quantum phenomena. By measuring
switching process from the zero voltage to the finite voltage branch in the current-voltage
(I-V) characteristics, their quantum signature encoded in macroscopic quantum
phenomena can be extracted. Novel insights on the interplay between coherence and
dissipation in the moderately damped regime and on the influence of coherent nano
domains in escape dynamics have been achieved, of relevance for the physics of oxides. In
these junctions phase diffusion processes coexist with thermal activation and macroscopic
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quantum tunneling, and are replaced by phase slips processes for highly transparent
barriers. Similar studies have been comparatively carried out on NbN Josephson junctions.

References
-Direct transition from quantum escape to phase diffusion regime in YBaCuO biepitaxial
Josephson Junctions, L. Longobardi, D. Massarotti, D. Stornaiuolo, L. Galletti, G. Rotoli,
F. Lombardi and F. Tafuri, Phys. Rev. Lett. 109, 050601(2012)
-Advantages of using YBCO-Nanowire-YBCO heterostructures in the search for
Majorana Fermions P. Lucignano, A. Mezzacapo, F. Tafuri, and A. Tagliacozzo, Phys.
Rev. B 86, 144513(2012)
-High critical-current density and scaling of phase-slip processes in YBaCuO nanowires,
G. Papari, F. Carillo, D. Stornaiuolo, L. Longobardi, F. Beltram and F. Tafuri, Supercond.
Science and Technology 25, 035011 (2012)
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High critical Temperature Superconductor nanodevices:
Quantum tools for basic research and ultrasensitive magnetic flux detectors
S. Nawaz, R. Arpaia, M. Arzeo, F. Lombardi, T. Bauch
Quantum Device Physics Laboratory, Dept. of Microtechnology and Nanoscience,
Chalmers University of Technology, SE-41296 Göteborg, Sweden
Superconductive devices at the nanoscale can have a fundamental role in shedding light
into the mechanism leading to High Temperature Superconductivity (HTS). The study of
the transport properties of HTS nanowires with dimensions much smaller than the Pearl
length (λP = λ2/t, where t is the thickness and λ is the London penetration depth of the
film) gives access to a regime where the local properties of superconductors have a
fundamental role. From the application point of view, realization of reproducible HTS
nanowires can open new perspectives for the realization of single photon detectors and
nanoSQUIDs, which is a constantly growing field.
Transport studies of YBa2Cu3O7-x (YBCO) nanowires with widths ranging from 2 µm
down to 50 nm have been carried out. All the wires were fabricated by conventional
electron beam lithography in combination with a hard carbon mask and Argon ion etching.
The measured critical current density monotonically increases for decreasing wire width,
with values approaching the depairing limit (Jc=1.3x108A/cm2) for the smallest wires. The
pronounced variation of the critical current densities for wire widths below the Pearl
length λP ≈ 800 nm is unexpected. From simulations of the current distribution in our wire
geometries we can clearly attribute this behavior to an enhanced local current density at
the edges of the junction between the wire and the wider electrodes. The observation of up
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to 160 Shapiro steps in the current voltage characteristics under microwave irradiation
substantiates the pristine character of our nanowires. Moreover we present results on ultra
low noise HTS YBa2Cu3O7-x (YBCO) nanoSQUIDs implementing nanowires having
Josephson like properties. The record white flux noise below 1 µϕ0/Hz1/2 at T=10 K makes
them attractive for applications ranging from nanomagnetism to low field magnetic
resonance imaging.
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Quantum Phase Control and Novel Electronics in Nanosheets
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Field-effect transistors operated by ion movements in an electric double layer (EDLT) are
attracting increasing interests for their ability to accumulate dense carriers (~1014 cm-2)
Integrating EDLT with a broad range of nanosheets prepared from different layered
materials forms interesting two-dimensional (2D) electronic systems with varieties of
properties. In this talk, I will present an experimental study using EDLT as an effective
tool

to

control

quantum-phase

transitions

like

metal-insulator

transition,

superconductivity, and magnetism. In addition to the high gate efficiency, a large surface
electric field in EDLT generates a break of inversion symmetry hosting the spin and valley
polarizations in the multi-valley electronic structures of many 2D dichalcogenides. The
electric-field control of spin and valley polarization at the highly biased transistor channel
showed clear signatures in the transport and photoluminescence measurements. These
results suggest that the combination of EDLT and nanosheet might act as a rich
playground for Quantum phase control and an emerging source of new device
functionalities like spintronics or valleytronics.
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1) J. T. Ye, Y. J. Zhang, R. Akashi, M. S. Bahramy, R. Arita, and Y. Iwasa
“Supercondcuting Dome in a Gate Tuned Band Insulator”, Science 338 1193
(2012).
2) J. G. Checkelsky, J. T. Ye, Y. Onose, Y. Iwasa and Y. Tokura “Dirac-fermionmediated ferromagnetism in a topological insulator”, Nature Physics 8 729
(2012).
3) Y. J. Zhang, J. T. Ye, Y. Matsuhashi, and Y. Iwasa “Ambipolar Transistor of thin flake
MoS2”, Nano. Lett. 12 1136 (2012).

Caption:
Unified phase diagram of superconductivity of both electrostatically and chemically doped
MoS2 as a function of doping concentration x (upper horizontal axis) and carrier density
n2D (bottom horizontal axis)
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Parity violating superconductivity in the presence of spin-orbit coupling, exchange
and Zeeman fields
I discuss the creation of parity violating superconductivity in the presence of spin-orbit
coupling, exchange and Zeeman fields. I consider the case of spin-orbit coupling with
both Rashba and/or Dresselhaus contributions. To illustrate the emergence of parity
violation in the superconductor, I analyze the order parameter tensor in the generalized
helicity basis and show that it violates parity, when internal ferromagnetic order is
developed (producing a uniform exchange field) or an external Zeeman field is applied
(with a component along the spin-orbit field). However, the pairing fields in the singlet
and triplet channels of the generalized helicity basis are still parity even and odd,
respectively. Parity violation is further reflected on ground state properties such as the
spin-resolved momentum distribution, and on excitation properties such as the
quasiparticle energy spectrum, which is no longer even in momentum space. Marked
effects of parity violation are also found in the spin-dependent spectral function and
density of states.
Examples of such phenomena in cold atom Fermi superfluids [1,2] and superconductors
with spin-orbit coupling [3] will be presented.
[1] Kangjun Seo, Li Han, and C. A. R. Sa de Melo, "Quantum Degenerate Fermi Gas with
Spin-orbit Coupling and Crossed Zeeman Fields", arXiv:1211.5133v1 (2012)
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[2] Kangjun Seo, Li Han and C. A. R. Sa de Melo, "Parity violating superfluidity in ultracold fermions under the influence of artificial non-Abelian gauge fields",
arXiv:1301.1353v1 (2013)
[3] Pavel M Svetlichnyy and C. A. R. Sa de Melo, "Parity violation in ferromangetic
superconductors with spin-orbit coupling", in preparation (2013).
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We show that by employing atomically thin crystals such as a pair of adjacent bilayer
graphene sheets, equilibrium superfluidity of electron-hole pairs should be achievable for
the first time.

Exciton bound states that form in solids between negatively charged

electrons and positively charged `holes' are predicted to form a superfluid at high
temperatures but the problem is to prevent them from actually meeting and recombining.
In semiconductors electron-hole recombination times are extremely fast. A solution is to
confine the electrons and holes in adjacent layers separated by a thin insulating barrier so
they interact but cannot recombine.

We show that with bilayer graphene sheets of

electrons and holes separated by a thin 1-2nm hBN insulating barrier, the superfluid
transition temperatures are well above liquid helium temperatures. Because the sample
parameters needed for the device have already been attained in similar graphene devices,
our work suggests a new route towards realizing high-temperature superfluidity in existing
quality graphene samples.
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BCS-BEC crossover phenomena induced by quantum size effects in multiband
superconductors and superfluids
A new type of crossover between weak-coupling BCS superconductivity and BoseEinstein condensation of localized pairs induced by quantum size effects which tune the
chemical potential close to one of the subband bottom is discussed [1]. Possible realization
and the physical characterization of this atypical crossover phenomenon in
superconductors with confined geometries and ultracold fermionic atoms in quasi-1D
traps are discussed [2,3]. Each time when a subband bottom crosses the chemical
potential, the pair size is strongly shrinked and the BCS-BEC crossover is approached in
this subband. In this situation, the aggregate condensate is a coherent mixture of both BCS
and BEC-like components.
Key words: Quantum size effects, BCS-BEC crossover, multiband superconductivity,
mixtures of condensates
[1] Resonant and crossover phenomena in a multiband superconductor: Tuning the
chemical potential near a band edge,
D. Innocenti, N. Poccia, A. Ricci, A. Valletta, S. Caprara, A. Perali, A. Bianconi,
Phys. Rev. B 82, 184528 (2010).
[2] Superconducting nanofilms: molecule like pairing induced by quantum confinement,
Y. Chen, A. A. Shanenko, A. Perali, and F. M. Peeters,
Journal of Physics: Condensed Matter 24, 185701 (2012).
[3] Atypical BCS-BEC crossover induced by quantum-size effects,
A. A. Shanenko, M. D. Croitoru, A. V. Vagov, V. M. Axt, A. Perali, F. M. Peeters,
Phys. Rev. A 86, 033612 (2012).
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Superconductivity in carbon-based materials
This talk is concerned with the construction of an exact framework to calculate the
superconducting transition temperature from first principles and its application to the
carbon-based superconductors.
I will make a critical review of the theories for quantitative calculations of the
superconducting transition temperature Tc from first principles. I will pay a special
attention to the G0W0 approximation to the exact theory in the Green’s-function approach
and the density functional theory for superconductors (SCDFT), both of which avoid
employing any kind of phenomenological parameters including the Coulomb
pseudopotential µ* in describing the effect of the Coulomb repulsion on the Cooper-pair
formation. By comparing these two theories, I will propose a new functional form for the
pairing interaction kernel in SCDFT. I will also identify the key physical quantity in
SCDFT (which corresponds to the exchange-correlation kernel fxc(q,ω) in the timedependent DFT) in order to treat strongly-electron-phonon-coupled and stronglycorrelated systems. These theories will be applied to the carbon-based superconductors
such as the graphite-intercalation compounds, the fullerenes and aromatic materials. Based
on such calculations, an outlook for obtaining room-temperature superconductors will be
given.
References:
[1] Y. Takada, J. Phys. Soc. Jpn. 78, 013703:1-4 (2009).
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[2] Y. Takada, “Theory of Superconductivity in Graphite Intercalation Compounds”, in
Comprehensive Semiconductor Science and Technology (edited by P. Bhattacharya,
H. Kamimura, and R. Fornari) Elsevier , Vol. 1, pp410-426 (2011)
[3] C. Hori, H. Maebashi, and Y. Takada, J. Supercond. Nov. Magn. 25, 1369-1373
(2012).

Superconducting transition temperature Tc in the graphite-intercalation compounds. All
the experimental results are well reproduced from first principles in the G0W0
approximation.
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Abstract: This talk will describe a novel method to increase the resistive T (c) of cuprate
superconductors to values approaching room temperature.1 The method is based on our
analysis of the inhomogeneous superconducting state for the "pseudogap" region and on
the interplay of doping and pair-breaking phenomena. What we propose involves specific
ordering of the dopants that leads to the formation of regions that can carry a supercurrent
at high temperatures. In particular, we describe a technique that provides linear doped
regions in close proximity to nearly undoped regions. The carriers from the doped regions
can diffuse into the neighboring regions and provide conductivity without the dopants.
We have determined that the dopants not only provide the carriers but also act as
pairbreakers so that the transition temperature is a compromise between carriers and
pairbreaking.2 Further increases in transition temperature can be achieved by oxygen
isotope substitution that can change the carrier concentration at the same dopant level.3
1

S. A. Wolf and V. Z. Kresin, J Super. and Novel Magn. 25,165 (2012)

2

V. Z Kresin and S. A Wolf, J. Super. and Novel Magn. 25, 175 (2012)
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Confinement in Superconductors: A Scanning Tunneling Spectroscopy Study
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The most famous macroscopic quantum phenomenon - superconductivity - is
characterized by a nanometer-length scale, called coherence length ξ, at which the
superconducting condensate may continuously evolve in space. The confinement of a
superconducting material to scales comparable to ξ should substantially modify the
superconducting

properties.

We

addressed

the

problem

of

confinement

in

superconductivity by choosing a quasi-ideal model system – Pb atoms deposited in-situ on
atomically clean surface of Si(111). Depending on growth conditions, we are able to
produce superconducting Pb-nano-crystals of various sizes and shapes, but also to reach
the ultimate thickness limit when only a singe atomic layer of Pb exists at Si-surface. We
studied the superconductivity in these artificial materials by Scanning Tunneling
Spectroscopy in UHV at low temperatures down to 0.3K, and under magnetic fields up to
8T.
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We will first discuss the simplest case of a vortex lattice weakly confined in relatively
large superconducting samples D≈10ξ. We will show how the increasing confinement
influences the vortex lattice, leading to novel ultra-dense configurations, impossible in
bulk superconductors [1]. At even higher confinement, D≈3-4ξ, the Giant Vortices quantum tornados characterized by a multiple phase accumulation L x 2π, L = 2; 3; 4 - are
experimentally revealed, and their unusual cores probed [2].
In the second part of the lecture we will discuss the electron confinement effects, i.e. the
cases when the carriers are spatially confined to kF-1. We will present how the
superconductivity evolves with the reduction of Pb-film thickness down to a single atomic
layer limit [3]. In the latter case, the electronic properties become extremely sensitive to
the precise structure of the Pb/Si interface, and may result in an insulating, metallic or
superconducting behaviour. In superconducting samples, such tiny and usually
‘inoffensive’ defects as single atomic surface steps or stacking faults disrupt the
superconducting order. The samples become a nanometer-scale network of atomic
superconducting terraces weakly connected by native Josephson links at steps and
stacking faults.
[1] Cren, T., et al., Phys. Rev. Lett. 102, 127005 (2009).
[2] Cren, T., Serrier-Garcia L., D., Debontridder et al., Phys. Rev. Lett. 107, 097202
(2011).
[2] Brun, C., Serrier-Garcia L., Cren, T., et al., Phys. Rev. Lett. (2013) to appear.

Figure 1. STM-image (600nm x 600nm) of the studied system. The network consists of
mono-atomic terraces of Si-substrate covered by non-superconducting wetting layer of Pb
(in blue) and superconducting Pb-nano-islands few monolayer thick (green-yelloworange). Rich island geometry provides a variety of landscapes confining vortices.
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Transport properties and electronic structure of individual metallic quantum dots on
dielectric supports: A local view
Contacts between metallic nanostructures and semiconducting or dielectric supports are
expected to constitute the basic building blocks of future nanoscale electronics and
nanocatalysts. We investigate with low-temperature scanning probe techniques the
transport properties and the local electronic structure of individual nanocontacts formed
between flat metallic islands and their supporting substrates. In the first example, Pb on
HOPG, on h-BN/Ni(111), and on NaCl/Ag(111), the observed differential conductance
spectra reveal a suppression at small bias voltages characteristic for the presence of
dynamical Coulomb blockade (DCB) phenomena. By increasing the thickness of the
dielectric NaCl film from 2 to 3 monolayers, we observe a transition from the DCB
regime to the orthodox Coulomb staircase (CBS) regime. A comparison with calculations
based on the theory of environmentally assisted tunneling and on the orthodox theory for a
double barrier junction allows us to determine the capacitances and resistances of the
contacts, which depend systematically on the island-substrate contact area [1]. In the
second example, tunneling spectroscopy on two-dimensional Li-islands on CaO/Mo(001)
reveals a standing wave pattern which indicates the metallic character of these monolayer
nanoislands. Moreover, depending on the capacitances and resistances of the metal-oxide
junction, also here DCB as well as CBS phenomena are observed. In addition, an
unoccupied gap state below the CaO conduction band, which originates from Li-O
hybridization across the metal-oxide interface is detected. With increasing diameter of the
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Li islands, this state shifts towards the Fermi level, reflecting the decreasing workfunction
at higher Li coverage [2]. These findings facilitate quantitative investigations of the local
electronic structure of metallic quantum dots. They are important for future studies of the
physical and chemical properties of supported nanostructures in relation to
superconductivity [3], magnetism, and catalysis.
Support from the Swisss National Science Foundation and the DFG Excellence-Initiative ‘Unicat’

Figure 1. Topographic image (STM) of a large Li island on
CaO/Mo(001) (25 x 25 nm2, 2.0 V) and atomic visualization [2].

[1] C. Brun, K.-H. Müller, I. P. Hong, F. Patthey, C. Flindt, and W.-D. Schneider, Phys.
Rev. Lett. 108, 126802 (2012).
[2] X. Shao, Y. Cui, W.-D. Schneider, N. Nilius, H.-J. Freund, J. Phys. Chem. C 116,
17980 (2012).
[3] C. Brun, I.-P. Hong, F. Patthey, I. Yu. Sklyadneva, R. Heid, P. M. Echenique, K. P.
Bohnen, E. V. Chulkov, and W.-D. Schneider, Phys. Rev. Lett. 102, 207002 (2009).
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Pronounced matching effects in disordered
NbN thin films with periodic array of holes
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We report the observation of pronounced matching effects in the dynamic
response of vortices, in superconducting NbN thin films with periodic array of
holes, grown on anodized alumina templates. The dynamic response of the
perforated film to an ac magnetic field was measured with a novel method using a
two coil mutual inductance technique which allows us to investigate this effect to
temperatures well below the superconducting transition temperature, Tc.
Measurements on samples with varying levels of disorder, revealed that with
increasing disorder the matching effect persists down to lower reduced
temperatures (t=T/Tc), eventually manifesting down to 0.1Tc for a sample with Tc
~ 4 K. From the field and temperature dependence of the matching effect we
demonstrate that the matching effect originates from a combination of quantum
interference effect and vortexvortex interactions.
References:
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Coherent transport in carbon nanotubes
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Carbon nanotubes are one-dimensional ballistic conductors with coherence lengths on the
order of micrometers and sharp van Hove singularities in the density of states.
Notwithstanding extensive theoretical and experimental work, there are still interesting
open questions, including the role played by van Hove singularities in their electrical
properties and how contact probes affect ballistic transport.
I will summarize our recent measurements on different coherent phenomena, including
non-local transport [1] and possible occurrence of intrinsic superconductivity [2]. I will
also discuss how coherent transport in carbon nanotubes is affected by Van Hove
singularities through the quantum capacitance.
[1] Coherent nonlocal transport in quantum wires with strongly coupled electrodes, Y.
Yang, G. Fedorov, P. Barbara, S. E. Shafranjuk, B. K. Cooper, R. M. Lewis, and C. J.
Lobb, Physical Review B, 87, p.045403-045408 (2013).
[2] The search for superconductivity at van Hove singularities in carbon nanotubes, Y.
Yang, G. Fedorov, J. Zhang, A. Tselev, S. Shafranjuk, P. Barbara, Superconductor
Science and Technology, 25, 124005- 124014 (2012).
Keywords: Coherent transport, one-dimensional conductors, superconductivity.
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Nanoscale inhomogeneities in the two-dimensional hole gas
affected by magnetic impurities
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We present the results of experimental and theoretical study of the resistivity and its noise
in GaAs/InGaAs/GaAs heterostructures forming a quantum well with the two-dimensional
hole gas affected by a spatially separared ultrathin layer of Mn dopants. The twodimensional nature of transport in such heterostructures as well as ferromagnetism make
their properties different from their three-dimensional counterparts. We discuss the
anomalies in the temperature dependence of resistivity and noise in both metallic and
insulating samples and interpret them as evidence for significant ferromagnetic
correlations [1]. Following the approach reported in [2], we show how the interplay of
disorder and nonlinear screening leads at low carrier densities to the formation of the
nanoscale hole droplets in the transport layer. We find that in this droplet phase,
231

ferromagnetic correlations result in anomalies in the resistivity at temperatures below the
Curie temperature, and even in the absence of long-range ferromagnetic order. This is to
be contrasted with bulk Mn-doped semiconductors where resistivity anomalies are
expected above and near the Curie temperature, and are associated with a ferromagnetic
phase transition. The ferromagnetic correlations also affect the resistivity noise directly
through their effect on the fluctuations of relative orientations of the magnetization at the
droplets and indirectly through their effect on the hole number fluctuations [3]. We
propose simple models for the resistivity noise in the droplet phase in the presence of
these ferromagnetic correlations. Finally, we discuss possible models for ferromagnetism
that are consistent with the observed behavior of resistivity and its noise in these
heterostructures.

Schematic picture of the quantum well
potential (shown inverted). The blue line
represents the quantum well potential in
the absence of fluctuations and the solid
red line shows the potential well with an
attractive fluctuation potential. The dotted
line indicates the Mn dopants at a distance
λ from the left face of the quantum well.
The quantum well of thickness W is
located in the InGaAs layer sandwiched
between GaAs regions [1].

[1] V. Tripathi, K. Dhochak, B.A. Aronzon, V.V. Rylkov, A.B. Davydov, B. Raquet, M.
Goiran, and K.I. Kugel, Phys. Rev. B 84, 075305 (2011).
[2] V. Tripathi and M.P. Kennett, Phys. Rev. B 74, 195334 (2006).
[3] V. Tripathi, K. Dhochak, B.A. Aronzon, B. Raquet, V.V. Tugushev, and K.I. Kugel,
Phys. Rev. B 85, 214401 (2012).
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Orbital Ordering, Electron Boson Coupling and Unconventional Rashba Effect of a
Two-Dimensional Electron Gas in SrTiO3
Two-dimensional electron gases (2DEGs) in SrTiO3 host a plethora of novel properties
including high mobility, gate-tuned superconductivity, and its coexistence with
ferromagnetism, and have become a paradigm for the potential of complex oxides for
electronics. In this talk I will present recent angle resolved photoemission (ARPES)
experiments that provide unprecedented insight into the microscopic electronic structure
of this system [1], [2]. I will first discuss the orbital ordering induced in the 2DEG by
quantum confinement and the spatial extent of the different subbands. Our data further
provide direct evidence for a substantial phonon driven mass enhancement of the 2DEG
states, which resolves an earlier discrepancy between the cyclotron masses observed in
quantum oscillation experiments and the Fermi velocities reported from ARPES. Finally, I
will present experimental evidence, combined with realistic tight-binding supercell
calculations, that spin-orbit interactions play an unexpectedly large role in this system. We
find that these drive an unconventional Rashba-like spin splitting of the Ti d-electron
subband ladder, which is dramatically strengthened by inter-orbital charge transfer. Our
findings not only suggest potential applications, but also allow for a unified understanding
of spectroscopic and transport measurements across different classes of SrTiO3-based
2DEGs.
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Figure 1: ARPES data from a SrTiO3 based
2DEG. A tight-binding supercell calculation that
reveals the quantum confinement induced orbital
ordering is overlaid (from Ref. [2]).

References:
[1] W. Meevasana, P. D. C. King, R. H. He, S. K. Mo, M. Hashimoto, A. Tamai, P.
Songsiriritthigul, F. Baumberger, and Z. X. Shen, “Creation and control of a twodimensional electron liquid at the bare SrTiO3 surface,” Nat Mater, vol. 10, no. 2, pp.
114–118, 2011.
[2] P. King, R. He, T. Eknapakul, P. Buaphet, S. K. Mo, Y. Kaneko, S. Harashima, Y.
Hikita, M. Bahramy, C. Bell, Z. Hussain, Y. Tokura, Z. X. Shen, H. Hwang, F.
Baumberger, and W. Meevasana, “Subband Structure of a Two-Dimensional
Electron Gas Formed at the Polar Surface of the Strong Spin-Orbit Perovskite
KTaO3,” Physical Review Letters, vol. 108, no. 11, p. 117602, 2012.
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Metal-to-superconductor transition, mesoscopic disorder and intrinsic charge
instability in oxide heterostructures
Motivated by experiments in oxide interfaces, we investigate the occurrence of a metal-tosuperconductor transition in a two-dimensional electron system with disorder on the
mesoscopic scale and a possible microscopic mechanism for electronic phase separation
(EPS) based on Rashba spin-orbit coupling (RSOC). Disorder induces a distribution of
local superconducting critical temperatures. With lowering the temperature, global
superconductivity establishes as soon as percolation occurs within the superconducting
cluster. We find that the peculiar “tailish” resistance of the LaAlO3/SrTiO3 or
LaTiO3/SrTiO3 (LXO/STO) heterostructures is due to the occurrence of a lowerdimensional (e.g., filamentary or fractal) structure of the superconducting cluster with
small long-distance connectivity embedded in the two-dimensional system [1,2] (see
Fig.1). To explain the systematic occurrence of mesoscopically disordered regions, we
model the electron gas at the interface of superconducting oxide heterostructures
considering a twodimensional electron gas in the presence of a RSOC. Under simple
general assumptions, we show that an EPS occurs for realistic values of the RSOC and of
the band parameters [3]. This could provide an intrinsic mechanism for the recently
observed inhomogenous phases at the LAO/STO or LTO/STO interfaces and open the
way to new interpretations of the quantum critical behaviour of LTO/STO [5]. We
investigate the effects of temperature and magnetic field on the charge instability finding a
novel type of quantum critical point related to the vanishing of the critical temperature of
the EPS (see Fig. 2)[4].
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Fig. 1: Resisistance in LaTiO 3/SrTiO3 at
various gating potentials Vg=50, 70, 100,
150, 200 V. Inset: Schematic view of the
RRN with filamentary and “puddle”
superconducting domains [2]

Fig. 2: Phase diagram with the
phase separation dome for a model
LaTiO3/SrTiO3 systems [4

[1] D. Bucheli, S. Caprara, C. Castellani, and M. Grilli, New Journal of Physics 15,
023014 (2013).
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[4] D. Bucheli, S. Caprara, M. Grilli, F. Peronaci, in preparation.
[5] J. Biscaras, N. Bergeal, S. Hurand, C. Feuillet-Palma, A.Rastogi, R. C. Bud- hani, M.
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236

Nicolas Bergeal
UMR8213/CNRS

-

ESPCI

ParisTech,

10

rue

Vauquelin - 75005 Paris, France
nicolas.bergeal@espci.fr

Multiple Quantum Criticality in a two-dimensional superconductor
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The achievement of high-quality epitaxial interfaces involving transition metal oxides
gives a unique opportunity to engineer artificial materials where new electronic orders
take place. It has been shown recently that a two-dimensional electron gas 2DEG could
form at the interface of two insulators such as LaAlO3 and SrTiO3, or LaTiO3 (a Mott
insulator) and SrTiO3.
We studied the magnetic field driven Quantum Phase Transition (QPT) in electrostatically
gated superconducting LaTiO3/SrTiO3 interfaces. Through finite size scaling analysis, we
showed that it belongs to the (2+1)D XY model universality class. The system can be
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described as a disordered array of superconducting islands coupled by a two dimensional
electron gas (2DEG). Depending on the 2DEG conductance tuned by the gate voltage, the
QPT is single (corresponding to the long range phase coherence in the whole array) or
double (one related to local phase coherence, the other one to the array). By retrieving the
coherence length critical exponent ν, we show that the QPT can be “clean” or “dirty”
according to the Harris criteria, depending on whether the phase coherence length is
smaller or larger than the puddles size. The overall behaviour is well described by a model
of coupled superconducting puddles in the framework of the fermionic scenario of 2D
superconducting QPT.

Figure 1: Phase diagrams showing the derivative of the resistance dR/dT in color in the BT plane. Depending on the 2DEG conductance, the transition is single (a) or double (b)
[from J. Biscaras et al, Nature Mat. (to be published) and arXiv:1209.6464 (2012)]
References :
J. Biscaras et al, Nature Communications 1, 89 (2010), J. Biscaras et al, Phys. Rev. Lett.
108, 247004 (2012), J. Biscaras et al, Nature Mat. (to be published) and arXiv:1209.6464
(2012).
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Emergence of Fermi surface and
superconductivity in a doped insulator:
the case of bulk SrTiO3
SrTiO3 is a large-gap insulator, which upon the introduction of n-type carriers undergoes a
superconducting transition below 1 K. Discovered in 1964, it has been the first member of
a loose family of semiconducting superconductors, which now includes column-IV
elements. Recent attention has focused on the interface between SrTiO3 and other
insulators or vacuum, a two-dimensional metal with a superconducting ground state. The
origin of superconductivity in the bulk system is a mystery, since the non-monotonous
variation of the critical temperature with carrier concentration defies the expectations of
the crudest version of the BCS theory. We find that down to concentrations as low as 5.5
X 1017 cm-3, the system has both a sharp Fermi surface and a superconducting ground
state[1]. The existence of a well-defined Fermi surface and its various properties are
documented by measurements of the Nernst effect, a very sensitive probe of small bulk
Fermi surfaces [2].
The most dilute superconductor currently known has therefore a metallic normal state and
a Fermi energy as little as 1.1 meV on top of a band gap as large as 3 eV. The large Bohr
radius pulls down the threshold of superconductivity and metallicity in this system. The
survival of superconductivity in a metal with such a small single-component Fermi surface
puts strong constraints for the identification of the pairing mechanism.
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Figure- Nernst quantum oscillations as a function of magnetic field (a) and the inverse of
magnetic field (b) at different temperatures when the carrier density is as low as 5.5 10 17
cm-3. There is a single periodicity with the lowest peak displaying Zeeman splitting. (c)
The variation of Nernst coefficient divided by temperature with the inverse of magnetic
field at different temperatures. (d) The amplitude of oscillations for different magnetic
fields and temperatures. Solid line represents the damping expected in the LifshitzKosevitch theory for an effective mass of 1.83me [1].
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The basic physical and chemical properties of transition-metal-oxides and their
interfaces are of great importance as their correlated electronic structure induces a variety
of phenomena like charge, spin and orbital orderings and they are the key to understand
macroscopic properties like electrical- and thermal transport, magnetism, optical response,
metal-insulator transitions, and superconductivity of these materials.
However the chemical complexity and the buried interfaces demand a method which is
non-destructive, depth-resolved in the sub-nanometer region and element specific.
Resonant Soft X-ray reflectivity (RSXR) has these properties and can lead in principle to
an accurate picture of the orderings of the transition metals at interfaces [1]. However, the
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current models used to interpret the spectra are not sufficient to reproduce the complexity
of such systems. The analysis requires a new approach which introduces the atomic
density of every single element as an additional parameter.
The method is exemplified for a chemically reconstructed PrNiO3 film by measuring
momentum-, polarization-, and energy-resolved reflectivity maps in the off-resonance
regions and on the absorption edges. Moreover by studying a monolayer of LaxSr1-xTiO3
buried in SrTiO3 we find that this method and the new approach can be used to detect
elemental areal densities of 100 ppm or less.
We will show that the applicability is not limited to element selective density profiling
but it is adaptable to all kinds of electronic structure profiling for which the contrast in the
resonance curves is strong enough. Examples are valence state (e. g. Ti3+,Ti4+ ratio), spin
and orbital state profiling.

[1] E. Benckiser et al. Nature Materials 10 (2011), 189−193
[2] S. Macke, ReMagX - X-Ray Reflectivity Tool, www.remagx.org, Max Planck - UBC
centre for quantum materials.
RSXR contains rich information about
the electronic structure of interfaces and
surfaces hidden in the interference patterns
whereas

XAS

information,
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New carbon material superconductors: Syntheses and physical properties
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We report new carbon based superconductors, such as metal intercalated hydrocarbons
and graphites. The superconductivity in K3picene solids was discovered with the
superconducting transition temperatures, Tcs, as high as 7 and 18 K.1 We also discovered
the superconductivity of Rb3picene with Tc as high as 7 K; picene has a W-shaped
structure with five benezene rings, which is called as a phenacene-type molecule.
Subsequently, the superconductivity of metal doped solids of two phenacene-type
molecules has been reported. One is Axphenanthrene (A: alkaline metal, alkaline earth
metal and lanthanide metal atoms) with Tc of 5 - 7 K,2 while the other is Kx1,2:8,9dibenzopentacene (DBP) with the maximum Tc of 33 K.3 The superconductivity of the
above materials was corroborated by Meissner effect, and zero-resistivity has recently
been observed in Kxpicene.4 These superconductors can be synthesized by either
annealing metal and hydrocarbon at high temperatures (443 – 693 K) or dissolving metal
and hydrocarbon in NH3 (CH3NH2) solvent. The metal atoms in 7 K phase of K3picene are
intercalated into the ab-plane, while those in 18 K phase are intercalated into both abplane and the space between ab-layers.5,6 Very recently, new superconducting phase of
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Rbxpicene has been observed, exhibiting the onset superconducting transition-temperature,
Tconset of 12 K. Furthermore, Kx[6]phenacene, Kx[7]phenacene and Kxcorranulene solids
are also superconductors, and these Tconsets are 5.0, 11.5 and 4.5 K, respectively. We will
also present metal intercalated graphite superconductors produced by low-temperature
solution technique.
Keywords: hydrocarbon, graphite intercalation, superconductivity
1. R. Mitsuhashi et al. Nature 464, 76 (2010).
2. X. F. Wang et al. Nature Commun. 2, 507 (2011).
3. M. Xue et al. Scientific Reports, 2, 389; DOI: 10.1038/srep00389 (2012).
4. K. Teranishi et al. submitted.
5. Y. Kubozono et al. Phys. Chem. Chem. Phys. (perspective) 13, 16476 (2011)
6. T. Kambe et al. Phys. Rev. B 86, 214507 (2012).
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Nonvolatile memory and percolative transport at oxide interfaces
In epitaxial oxide interfaces, we can explore rich physics and vast opportunities thanks to
the emergent interface-based phenomena based on the strong correlations between charge,
spin, orbital and lattice. In this talk, I will first discuss the fabrication and characterization
of interface-based nonvolatile resistive switching device in heterostructures of LaAlO3
(LAO) and SrTiO3 (STO) grown using pulsed laser deposition. Our experiments and firstprinciples calculations suggest a unique mechanism: the alteration of the electronic
configuration and the creation of gap states within the LAO layer underpin the memory
operation. Then I will discuss our recent results on the interface-based field effect device
with a double layer ionic electrolyte as the top gate. The electrostatic gating results
indicate the manifestation of Kondo effect and two-dimensional insulator-to-metal
transition at the oxide interface where the transport has an inhomogeneous and percolative
nature.
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Competing phenomena at n-type interface between polar insulating-oxides and
SrTiO3 band insulator
The discovery of a two dimensional electron gas (2DEG) at the interface between SrTiO3
(STO) and LaAlO3 (LAO) heterostructures raised a huge interest since its discovery [1],
because of the intriguing functionalities related to this phenomenon, including high
electron mobility [2], large magnetoresistance [3], and superconductivity [4]. The
mechanism behind this phenomenon have not yet fully understood and several issues, like
the real ground state of the system, are still hotly debated.
In this contribution, I will present an overview of the most interesting experimental results
appeared in the last few years on this topic, together with new insights on the phenomena
obtained from x-ray [5] and STS spectroscopy measurements [6-7] of LAO/STO and of
other novel artificial titanate heterostructures.
We find that a structural and electronic reconstruction of the interface precede the
appearance of the 2DEG. In particular, it is shown that the intrinsic instability of the
weakly polar (001) SrTiO3 surface is the main driving force for the inversion of the 3dband hierarchy at the interface. This reconstruction can be or not accompanied by the
appearance of a metallic state, depending on the extent of localisation of doped electrons
in in-gap interface-states [8]. These results challenge some of the most accredited
theoretical models describing this system.
[1] A. Othomo, H. Y. Hwang, Nature 427, 423-426 (2004).
[2] B. Jalan,et al. Appl. Phys. Lett. 98, 132102 (2011).
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[3] A. Brinkman, et al., Nature Mater. 6, 493-496 (2007).
[4] N. Reyren, et al., Science 317, 1196-1199 (2006).
Reference related to recent key published papers
[5] M. Salluzzo et al, Phys. Rev. Lett. 102, 166804 (2009).
[6] Z. Ristic, et al., EPL 93, 17004 (2011); Z. Ristic, et al, Phys. Rev. B 86, 045127
(2012).
[7] M. Salluzzo et al., Advanced Materials 2013, DOI: 10.1002/adma.201204555

X-ray Linear Dichroism (XLD) spectra around Titanium L2,3 absorption edge of SrTiO3
(green line) and LaAlO3/SrTiO3 bilayers characterized by a LaAlO3 thickness below (red
lines) and above (blu lnes) the critical thickness of four unit cells. Data from two sample
sets are shown. Black lines are calculation which reproduce the data on STO (bottom) and
LAO/STO (top) using multiplet atomic model calculations with point charge crystal field.
On the right a schematic of the orbital splitting needed to reproduce the data, showing the
inversion of hierarchy between in plane and out of plane t2g orbitals at the interface
LaAlO3/SrTiO3 interface. From M. Salluzzo et al., Advanced Materials 2013, DOI:
10.1002/adma.201204555.
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Quantum phenomena of high mobility electrons at the MgZnO/ZnO heterointerfaces
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Here we show novel transport phenomena of the two-dimensional electrons at the

MgZnO/ZnO interface, which exhibits an electron mobility as high as 770,000 cm2/Vs and
shows a number of fractional quantum Hall states.
High mobility electrons at semiconductor interfaces have provided enormous field of
research as a representative example of quantum Hall effect. Such high mobility electrons
are now available at the MgZnO/ZnO interfaces, showing a mobility as high as 770,000
cm2/Vs. Here we show two novel phenomena of this interface. Firstly, owing to the large
effective mass of the electrons, we can access a strongly correlated regime, where high
electron mobility cannot be maintained in conventional semiconductors. As one of the
consequences of the correlation effect, we observed a g-factor enhancement, indicative of
proximity to a ferromagnetic transition. Accordingly, applying a moderate magnetic field
lead to full spin polarization of the electrons, which drastically altered the shape of
quantum oscillations.
In addition to the steady-state transport properties, we also shed light on spin
relaxation of the 2DEG. We experimentally revealed a long spin relaxation time (T2) of ~
30 ns by electrically-detected electron spin resonance (ESR) as a consequence of weak
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spin-orbit interaction of ZnO. The corresponding spin diffusion length is estimated to be ~
40 µm, supported by the long mean free path as well. These results indicate that we can
utilize a spin degree of freedom in 2DEG more explicitly in the MgZnO/ZnO
hererostructures than in conventional semiconductor heterostructures.
Key words: ZnO, Quantum Hall effect, Spin
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[1].
[1] D. Maryenko, J. Falson, Y. Kozuka, A. Tsukazaki, M. Onoda, H. Aoki, and M.
Kawasaki, Phys. Rev. Lett. 108, 186803 (2012).
[2] Y. Kozuka, A. Tsukazaki, D. Maryenko, J. Falson, C. Bell, M. Kim, Y. Hikita, H. Y.
Hwang, and M. Kawasaki, Phys. Rev. B 85, 075302 (2012).
[3] Y. Kozuka, A. Tsukazaki, D. Maryenko, J. Falson, S. Akasaka, K. Nakahara, S.
Nakamura, S. Awaji, K. Ueno, and M. Kawasaki, Phys. Rev. B 84, 033304 (2011).
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ARPES on Distinct Electronic Structure and High Temperature Superconductivity
in Single-layer FeSe/SrTiO3 Films
This work reports angle-resolved photoemission (ARPES) study on the electronic
structure and high temperature superconductivity in single-layer FeSe films grown on
SrTiO3 substrate[1].
The single-layer FeSe/SrTiO3 films exhibit a simple electronic structure that is the
simplest among all the known Fe-based superconductors[2]: there is only electron-like
Fermi surface sheet around the M(pi,pi) point, but no Fermi surface around the
Gamma(0,0) point. Its superconducting gap is nearly isotropic without nodes.

This

indicates that the existence of the Fermi surface near Gamma point is not a necessary
condition for the occurrence of superconductivity in the Fe-based superconductors. On the
other hand, the Fermi surface near the M point plays an important role.
By annealing the as-prepared single-layer FeSe/SrTiO3 and measuring its electronic
structure and superconductivity in the meantime, we have established a phase diagram that
shows how the electronic structure and superconductivity evolve with annealing [3]. For
the as-prepared single-layer FeSe/SrTiO3, we observed that its electronic structure
resembles the parent compound of BaFe2As2 in the magnetic state. This indicates that the
as-prepared single-layer FeSe may have an antiferromagnetic state (N Phase). With
annealing, another phase (S phase) with distinct electronic structure appears. In the
process of annealing, the N phase decreases while the S phase increases and eventually
250

becomes dominant. Further annealing increases electron doping into the S phase and
makes it superconducting. By optimizing the annealing condition, indications of
superconducting transition temperature of ~65 K have been achieved in the single-layer
FeSe/SrTiO3.
References:
[1]. Q. Y. Wang et al., Phys. Lett. 29, 037402 (2012).
[2]. D. F. Liu , W. H. Zhao, D. X. Mou, J. F. He, X. C. Ma, Q. K. Xue, X. J. Zhou et al.,
Nature Communications 3, 931 (2012).
[3]. S. L. He, J. F. He, W. H. Zhang, L. Zhao, X. C. Ma, Q. K. Xue, X. J. Zhou et al.,
arXiv:1207.6823.

Fermi Surface of Superconducting Single-Layer FeSe/SrTiO3 Films
D. F. Liu, Nature Communications 3, 931 (20120
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Probing Electronic Structure in Novel Engineered Quantum States of Matter
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In this talk, I will mainly introduce how to utilize in-situ angle-resolved photoemission
spectroscopy (ARPES) to study novel electron systems fabricated/engineered by oxide
molecular beam epitaxy (OMBE) technique. Particularly, I will report the first highresolution ARPES studies on the epitaxial pseudocubic-structured SrRuO3 and SrIrO3 thin
films. The long-standing quasi-particle excitations in SrRuO3 are revealed, which show
strong coupling with some low energy bosonic modes. Our measurements demonstrate
that it is the strong electron-boson coupling but not the Coulomb interaction proposed
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previously that is primarily responsible for the large effective masses observed in this
material [1]. Besides, I will present the systematic study of the dead-layer behavior in
La0.67Sr0.33MnO3 thin films. The evolution of electric and magnetic properties as a function
of thickness shows a remarkable resemblance to the phase diagram as a function of doping
for bulk materials, providing compelling evidences of the hole-depletion in near interface
layers that causes dead-layer. Detailed electronic and surface structure studies indicate that
the hole-depletion is due to the intrinsic oxygen vacancy formation [2]. This work
demonstrates how these fascinating properties can be engineered at correlated oxide
interfaces, an important prerequisite to exploit such effects in novel electronics.

FIG. 1: (a) ARPES spectral intensity plot taken at T = 20 K (b) Extracted MDC dispersion
for the β1 band along with a quadratic polynomial fit approximating the bare band
dispersion, and a kink feature at ~65meV [1].

[1] D. E. Shai et al., Phys. Rev. Lett. 110, 087004 (2013)
[2] R. Peng et al., arXiv:1301.4822
*This work was supported by the National Science Foundation, National Natural Science
Foundation of China and China Ministry of S
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The magnetic field induced phase separation in a model of a superconductor with
local electron pairing
Konrad Kapcia, Stanisław Robaszkiewicz
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Poznań, Umultowska 85, PL-61-614 Poznań, Poland, EU
The phase separation phenomenon involving superconductivity is a very current topic,
because it can play a crucial role in determining behaviour in many real compounds [1]
and fermions on optical lattices [2]. In our work we have studied a model which is a
simple generalization of the standard model of a local pair superconductor with on-site
pairing (i. e. the model of hard core bosons on a lattice) to the case of finite pair binding
energy [3-5]. We have analysed the extended Hubbard model with pair hopping in the
atomic limit and focused on phase separation [4] and paramagnetic effects of the external
magnetic field [5]. The phase diagrams and thermodynamic properties of this model have
been determined within the variational approach (VA), which treats the on-site interaction
term exactly and the intersite interactions within the mean-field approximation. Our
investigation of the general case shows that the system can exhibit not only the
homogeneous phases: superconducting (SS) and nonordered (NO), but also the phase
separated states (PS: SS-NO). The systems considered exhibit interesting multicritical
behaviour including tricritical points. Depending on the values of interaction parameters,
the PS state can occur in higher fields than the SS phase (field induced PS). The impact of
density-density [6] and magnetic [4,7] interactions is discussed. Moreover, ground state
results beyond VA are also presented [3,4].
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Figure: Phase diagrams for fixed on-site interaction U/I0 and several values of electron concentration n
as a function of temperature kBT/I0 and magnetic field B/I0. Solid and dashed lines indicate second order
and “third order” boundaries, respectively. T denotes the tricritical point. From JPCM 25, 065603
(2013).

The work has been financed by NSC (Poland) as a project No. 2011/01/N/ST3/00413 in
years 2011-2013, and ESF - OP "Human Capital" – No. POKL.04.01.01-00-133/09-00.
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84, 060511(R) (2011); J. Xu, et. al., J. Appl. Phys. 104, 063914 (2008).
[2] K. Levin, R. G. Hulet,
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Nature 435 1047 (2005); G. B. Partridge, et. al., Science 311 503 (2006); Y-i Shin, et.
al., Phys. Rev. Lett. 101 070404 (2008).
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Superconductor-Insulator Transiton and Magnetic Field Induced Dissipation-Free
State in Nanoperforated Thin Films
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We present the results of the comparative study of transport properties of continuous and
nanoperforated TiN films, enabling us to separate the disorder and the geometry effects.
Nanopatterning transforms a thin TiN film into an array of superconducting weak links
and eo ipso stimulates the disorder- and magnetic-field-driven superconductor-to-insulator
transitions, shifting both transitions to a lower degree of microscopic disorder. We find
that nanopatterning enhances the role of the two-dimensional Coulomb interaction and
changes the characteristic energies of the film on length scales significantly larger than the
mean free path or the superconducting coherence length [1]. We observe
magnetoresistance oscillations reflecting collective phase-frustration behavior of the
multiconnected superconducting weak link network in a wide range of temperatures [2].
At moderate magnetic fields and low temperatures we find a recovery of the dissipationfree state, which forms as a result of confluence of surface superconductivity and
geometric and microscopic parameters of the material [3].
This work was supported by the Program ‘Quantum mesoscopic and disordered
structures’ of the Russian Academy of Sciences, by the Russian Foundation for Basic
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Research (Grant No. 12-02-00152 and Grant No. 12-02-31302), and by the US
Department of Energy Office of Science under the Contract No. DEAC02-06CH11357.
[1] T. I. Baturina, V. M. Vinokur, A. Yu. Mironov, N. M. Chtchelkatchev, D. A. Nasimov,
and A. V. Latyshev, “Nanopattern-stimulated superconductor-insulator transition in thin
TiN films”, EPL 93, 47002 (2011).
[2] A. Yu. Mironov, T. I. Baturina, V. M. Vinokur, S. V. Postolova, P. N. Kropotin, M. R.
Baklanov, D. A. Nasimov, A. V. Latyshev, “Disorder and Vortex Matching Effects in
Nanoperforated Ultrathin TiN films”, Physica C 470, S808-S809 (2010).
[3] R. Córdoba, T. I. Baturina, J. Sesé, A. Yu. Mironov, J. M. De Teresa, M. R. Ibarra, D.
A. Nasimov, A. K. Gutakovskii, A. V. Latyshev, I. Guillamón, H. Suderow, S. Viera, M.
R. Baklanov, J. J. Palacios, V. M. Vinokur, “Magnetic field induced dissipation free state
in superconducting nanostructures”, Nature Communications 4, 1437 (2013).

Fig. 1. Resistance per square vs. temperature, panels (a)-(b), and magnetic field, panels
(c)-(d). (a): Superconductor-insulator transitions (SIT) in the perforated films (left) and the
corresponding continuous films (right). (b): Magnetic field-driven SIT in perforated film.
(c)-(d): Magnetoresistance of the perforated film demonstrating low field oscillations
(panel (c)) and the magnetic field induced dissipation-free state (panel (d)) at elevated
magnetic fields. Panels (a) and (b) published in EPL [Ref.1], panels (c) and (d) published
in Nature Communications [Ref. 3].
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In this presentation, we report on substrate-induced oxygen octahedral tilts in
perovskite SrRuO3 epitaxial thin films grown on the GdScO3 substrate [1]. We found that
the film has epitaxially-stabilized crystal structures depending on the film thickness.
Below 16 nm, the √2apc × √2apc × 2apc monoclinic structure is stabilized while above 16
nm the film has the apc × 2apc × apc tetragonal structure. (apc denotes the pseudo-cubic
perovskite lattice parameter.) Our atomic-scale direct observations of octahedral
distortions in the films with complementary HAADF- and ABF-STEM techniques reveal
that the octahedral tilts for the monoclinic film are comparable to the bulk while for the
tetragonal film the tilting angle are largely reduced [2]. This indicates that the thicknessdependent structural changes are ascribed to the substrate-induced modification in the
RuO6 octahedral tilt pattern, highlighting the significance of the octahedral tilts for the
epitaxial strain accommodation in the coherently-grown films. We also found the close
correlations between the structural and physical properties of the films. The monoclinic
film has the uniaxial magnetic easy axis 45˚ away from the [110]GSO direction while the
tetragonal film has that lies along the in-plane [1-10]GSO direction. The results demonstrate
that the octahedral rotations in the strained perovskite oxide thin films are a key factor for
determining their structure phases and physical properties.
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Reference
[1] D. Kan, R. Aso, H. Kurata, and Y. Shimakawa Adv. Funct. Mater. 23, 1129 (2013)
[2] R. Aso, D. Kan, H. Kurata, and Y. Shimakawa Submitted(2013)

Figure 1: Thickness-dependent structure-property relationships of SrRuO3 grown on the
GdScO3 substrate. (published in D. Kan et al., Adv. Funct. Mater. 23, 1129 (2013))
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Probing spin-charge relation by magnetoconductance in
one dimensional polymer nanofibers
I report the observations of a qualitatively different magnetoconductance (MC) in
polyacetylene (PA), in polyaniline (PANI) and polythiophene (PT) nanofibers. In PA the
MC is essentially zero, but it is present in PANI and PT in high electric field.
The universal scaling behavior and the zero (finite) MC in PA (PANI and PT) nanofibers
provide evidence of Coulomb interactions between spinless charged solitons in the case of
PA and interacting polarons which carry both spin and charge in PANI and PT.
The zero magnetoconductance (The Zero M conductivity) in one-dimensional polymer
nanofibers in high electric field means that the conductance change under magnetic field
is zero at above critical electrical field in one-dimensional polymer nanofibers. The
conductance remains constant when the applied magnetic field increases from zero up to
35 tesla. In other words, the resistance of polymer nanofiber is independent to the applied
magnetic field. It reminds of the superconductivity which shows zero resistance below
critical temperature and the magnetic field inside the superconductor becomes zero for the
applied magnetic field smaller than the critical value. Also, the investigations of electronelectron Coulomb interaction between local excitations formed by electron-phonon
interaction in one-dimensional polymer nanofibers by measuring current-voltage (I-V)
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characteristics under magnetic field are extremely important and interesting, particularly
for physicists.
References:
[1] A. Choi, K. H. Kim, S. J. Hong, M. Goh, K. Akagi, R. B. Kaner, N. N. Kirova, S. A.
Brazovskii, A. T. Johnson, D. A. Bonnell, E. J. Mele and Y. W. Park. "Probing spincharge relation by magnetoconductance in one dimensional polymer nanofibers" Phys.
Rev. B 86, 155423 (2012)
[2] A. Choi et al., Synthetic Metals 160, 1349 (2010)
[3] Y. W. Park, Chem. Soc. Rev. 39, 2428 (2010)

Figure: Electric field dependence of MC at 1.2K. (A) polyacetylene, (B) polyaniline, (C)
polythiophene nanofibers and (D) MC vs scaled electric field for three polymer nanofibers
(This figure was published in reference [1].)
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Is Silicene a Superconductor?
Silicene, a single layer of silicon in a honeycomb graphene-like, was just born in 20121.
This new allotrope of silicon, arranged in a sp2-like configuration, both for 1D SiNRs2 and
2D silicene sheet1, still presents many exciting promises due, typically to its Dirac
fermions, its expected two-dimensional topological insulator character [Ezawa, Euro.
Phys. J. B, 2012, 85, 363], an hint for high-temperature superconductivity
[Arxiv.13011431], and, last but not least, its direct compatibility with current silicon based
electronics. The multilayer epitaxial silicene grown on the Ag(110)3, as well as the 2D
silicene sheet on Ag(111), exhibit bands, which allows to identify states corresponding to
the π/π* Dirac cones3, confirming the presence of Dirac fermions with a very high Fermi
velocity.

Figure 1 (a) Angle resolved photoemission spectroscopy from multilayer Silicene grown
on Ag(110) recorded along the SiNRs length. From linear band a Fermi velocity of about
1.3 × 106 ms-1 is obtained. (b) Scanning tunnel microscopy image from multilayer Silicene
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grown on Ag(110). The Figure is adapted from Ref. [3].
[1] P. Vogt, P. De Padova, C, Quaresima, J. Avila, E. Frantzeskakis, M. C. Asensio, A.
Resta, B. Ealet and G. Le Lay, Phys. Rev. Lett. 2012, 108 155501.
[2] P. De Padova, C. Quaresima, B. Olivieri, P. Perfetti, G. Le Lay, Appl. Phys. Lett.,
2011, 98 081909.
[3] P. De Padova, O. Kubo, B. Olivieri, C, Quaresima, T. Nakayama, M. Aono and G. Le
Lay, Nano Lett., 2012, 12, 5500.
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Recent discovery of high Tc superconductivity in fcc/A15 Cs3C60 under pressure [1] has

stimulated a renewed interest in fullerene superconductors. While there are
experimental/theoretical studies which support the conventional Migdal-Eliashberg (ME)
mechanism, various indications for unconventional mechanism have been also observed:
The correlation between Tc and the density of states at the Fermi level is positive for small
cations but negative for large cations. If we construct a low-energy effective model, the
Hubbard U becomes larger for fullerides with higher Tc [2].
To shed a new light on the pairing mechanism of fullerene superconductors, we recently
performed a systematic calculation based on density functional theory for superconductors
(SCDFT) [3]. It has been shown that SCDFT reproduces experimental Tcs of various
conventional superconductors very accurately without introducing any empirical
parameters [4]. Therefore, we can use SCDFT as a litmus paper to determine whether the
system is a conventional or unconventional superconductor [5].
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We found that SCDFT gives Tc =7.5, 9.0 and 15.7K for K3C60, Rb3C60 and Cs3C60
(under pressure of 7kbar), respectively, which are less than half of the experimentally
observed values (Fig.1). In this talk, I will discuss how the unconventional mechanism [6]
can be important to realize high Tc superconductivity in fullerene superconductors.
[1] A. Y. Ganin et al., Nature Materials, 7 367 (2008), Y. Takabayashi et al., Science 323
1585 (2009), A. Y. Ganin et al., Nature 466 221 (2010).
[2] Y. Nomura, K. Nakamura, R. Arita, Phys. Rev. B 85, 155452 (2012).
[3] R. Akashi, R. Arita, arXiv:1303.5138
[4] M. Lueders et al., Phys. Rev. B 72, 024545 (2005), M. A. L. Marques et al., Phys.
Rev. B 72, 024546 (2005).
[5] R. Akashi, K. Nakamura, R. Arita, M. Imada, Phys. Rev. B 86, 054513 (2012).
[6] M. Capone et al., Rev. Mod. Phys. 81 943 (2009).

Fig.1. Superconducting transition temperatures of K3C60, Rb3C60, and Cs3C60. Solid
squares (triangles) are the results of SCDFT (experiment). [3]
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Recently, a transition to a highly insulating state with an unmeasurably small linear
conductance was observed in strongly disordered TiN thin films [1]. The insulating state
behaves as an exact dual of the superconducting state, if current and voltage are interchanged [2]. This is illustrated in Fig. 1. It was suggested that the transition to the highly
insulating state may be interpreted as the charge analog of the familiar vortex BerezinskiiKosterlitz-Thouless (BKT) transition, resulting from a granularity within the electronic
system [3]. The necessary condition for the occurrence of a BKT-like binding of charges
is the presence of a long-ranged electrostatic interaction, which depends logarithmically
on distance between charge carriers.
We investigate the linear and non-linear conduction properties of square TiN films
experimentally, and find that a strong dependence on their lateral size L, when L varies
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between 0.5 and 500µm. A strong size dependence occurs also in the magnetoresistance
and the I(V)-characteristics. At temperatures below 1 K the conductance G(T) is thermally
activated and the activation energy ∆c grows logarithmically with L. Between 50mK and
150mK a size dependent saturation of G occurs, and below 50mK the I(V)-curves become
non-linear for the largest samples. In the latter case we observe power laws I~Vα in the dc
IV-characteristics with a strongly temperature dependent exponent α, which is a hallmark
of the binding of charge/anti-charge pairs in presence of long-ranged interactions.
The temperature dependence of the resistance and the size-dependent saturation agree well
with earlier calculations for Josephson junction arrays in the charging regime [4].
These observations point towards the importance of long-ranged two-dimensional
Coulomb interactions in our films.
[1] T.I. Baturina et al., Phys. Rev. Lett. 99, 257003 (2007).
[2] T. I. Baturina et al., Appl. Phys. Lett. 102, 042601 (2013).
[3] V. Vinokur et al. Nature 452, 613 (2008).
[4] J. Mooij et al., Phys. Rev. Lett. 65, 645 (1990) .

Fig.1: (a) R(T) for a 5 nm thick TiN film at different stages of oxidation.
Application of a perpendicular magnetic field drives the film into a strongly
insulating state. (b) Dual I(V)-characteristics in the superconducting and
insulating state (from [2]).
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Spectral properties of Dirac liquid
We present the extension of our previous G0W0 approach [1-3] to the two-dimensional
system of massless Dirac electrons interacting via the long-range Coulomb interaction.
We determine the one-particle spectral function taking into account only a partially filled
band above the Dirac point. The electron self-energy is calculated paying particular
attention to the contribution coming from the collective plasmon mode. The obtained
results show a wide structure in the spectral function with the pronaunced weight just
below the Dirac point and the absence of low energy quasi-particle.
Dirac fermions have been applied in condensed matter physics to study veriety of novel
materials, including graphene [4] and recently discovered three-dimensional topologycal
insulators [5]. Both systems have been investigated by angle resolved photoelectron
spectroscopy (ARPES) measurements that provide direct probe of the electronic structure
and the electron self-energy which takes into account electronic correlations and
comprises collective modes.
Our earlier G0W0 approach to spectral properties of quasi-one-dimensional coductors
introduced wide features into the spectral function originating from the anisotropic
plasmon dispersion due to finite electron-electron Coulomb interaction [1-3]. Also, the
early G0W0 approach to the three-dimensional ,,jellium'' model [6] resulted in the spectral
function showing the low energy quasi-particle peaks and the additional features due to
the plasmon mode. Analog results were reported for graphene[4].
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EuTiO3 undergoes a structural phase transition from cubic to tetragonal at TS=282K [1]
which is not accompanied by any long range magnetic order. However, it is related to the
oxygen ocathedra rotation driven by a zone boundary acoustic mode softening [2]. Here
we show that this displacive second order structural phase transition can be shifted to
higher temperatures by the application of an external magnetic field (∆TS~4K for
µ0H=9T) [3]. This observed field dependence is in agreement with theoretical predictions
based on a coupled spin-anharmonic-phonon interaction model. The observed magnetic
field dependence of TS (Figure 1) demonstrates that a strong spin-phonon coupling is
present in this compound already at high temperatures which suggests that spin
fluctuations are present at these temperatures most likely driven by the oxygen ion
octahedral rotation.
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Fig. 1 a) The specific heat of ETO as a function of temperature within a limited
temperature regime around the structural phase transition temperature TS for fields of 0, 3,
7, 9T. For clarity the data are shifted by 2 J/mol-K relative to each other with increasing
magnetic field. b) TS as a function of H as derived from Fig. 1a.
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5d-based transition metal oxides represent a novel class of materials which attracted a
growing interest in the last decade for giving rise to unconventional states of matter. In
particular, a few members from the family of iridates, so far the most investigated, have
been proposed to be the realization of an unconventional spin-orbit assisted Mott-Hubbard
physics.
To test this proposal, we have studied the newest addition to the iridate family, Sodium
Iridate (Na2IrO3), by Angle Resolved Photoemission Spectroscopy (ARPES), optical
conductivity, and band structure calculations in the local-density approximation (DFTLDA). ARPES on electron-doped (via Potassium adsorption) surfaces and optics turn out
to be in remarkable agreement and return an insulating gap ∆~340 meV, while the LDA
analysis shows an unprecedented finding: without spin-orbit coupling (SOC) the system
would be metallic, but with SOC density functional theory predicts an insulating behavior.
Further analysis then shows how the correct gap magnitude can only be reproduced with
the addition of a Hubbard U=3 eV. This establishes Na2IrO3 as a novel type of Mott-like
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correlated insulator in which Coulomb and relativistic effects (SOC) have to be treated on
an equal footing.
Key words: Iridates, Mott-Hubbard insulator, Spin-orbit coupling
Journal Ref.: Phys. Rev. Lett. 109, 266406 (2012)
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Superconducting gap structure and impurity bound states in Fe-based
superconductors
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Ø, Denmark
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We use a real-space five-orbital Hubbard model which includes the effect of intra- and
inter-orbital Coulomb repulsion and Hund's coupling to study iron-pnictides. Assuming
that the pairing interaction responsible for superconductivity arises from the exchange of
spin fluctuations, we calculate the real-space effective pairing interaction. Feeding these
RPA generated couplings into the real-space mean-field model, we study the
superconducting state by self-consistently solving the BdG equations. For the LiFeAs
homogeneous system, a C2 symmetric superconducting state is found. We discuss the role
of the internal phase structure of the intra- and inter-orbital superconducting order
parameters in the symmetry of the resulting state. Finally, disorder effects in such a C2
state are studied, by calculating the local density of states and the in-gap bound-state
structure around a single non-magnetic impurity.
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Quantum interference effects and tunneling magnetoresistance in
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The strongly correlated prevoskite oxide with ABO3 structure have a lot of strange
phenomena related to abundant physical meaning. In these systems, because of a strong
coupling between the charge, spin, orbit, and lattice freedom of degree, it leads to a series
of novel physical behaviors, the nearly 100% spin polarization for CMR manganites,
strong ferromagnetism and the relation with electrical transport give a bright future in the
applications. On the other hand, Nanostructured magnetic materials have been already
found applications in magnetic recording and memory devices. One important aspect is
the tunneling magnetoresistance (TMR), in which ferromagnetic (FM) layer spinpolarized conduction electrons are separated by a nonmagnetic insulating barrier, TMR
occurs when the applied ﬁeld aligns the magnetic moments of the FM layers, allowing the
spin-polarized tunneling of carriers through the insulator. In order to clarify the
relationship between the FM layer and the other nonmagnetic layers in TMR, we
fabricated spin-polarized double-exchange magnets La2/3Sr1/3MnO3 as the ferromagnetic
layer, along with various barriers such as the antiferromagnetic layer LaMnO3, insulating
barrier ZrO2 and superconducting layer YBa2Cu3O7. In this presentation, we present the
results of the TMR and quantum interference effects in superconducting/ ferromagnetic
multilayer fielms, YBa2Cu3O7/ La2/3Sr1/3MnO3 samples, at various applied fields. At the
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same time, it is remarkable that those curves of resistance-temperature and
magnetoresistance -temperature present novel and different phenomena along with
different intermediate nonmagnetic layer. Therefore, we consider that it is the results of
intermediate nonmagnetic layer will enhance the interactions of electron-electron and
localize the wave function of the conduction electrons of the FM layer, but the
superconductor layer will lead an opposite result.
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We present the results of our study of the low-temperature complex impedance of
disordered insulating thin TiN films in the very close proximity to the superconductor-toinsulator transition (SIT) [1-3]. The samples were designed as planar structures allowing
for combined dc resistance and ac complex impedance (at frequencies 400 Hz < ω/2π < 1
MHz) measurements. We find that both, real and imaginary parts of the impedance are
frequency, temperature, and magnetic field dependent. Moreover, the imaginary part of
the impedance changes its sign as function of frequency, implying that the impedance
contains both, inductance (L) and capacitance (C) components. Making use of the
resistance-inductance-capacitance (RLC) model, we estimate the capacitance and
inductance of the sample. We find that the capacitance of the system involved only
weakly depends on the temperature, decreasing by the factor of three as temperature
decreases from 2 K to 0.15 K. At the same time we observe a huge (over two orders of
magnitude) growth of the inductance, which achieves a giant value of 1 H. These results
can be understood if one assumes that the sample is an array of superconducting droplets
immersed into an insulating matrix connected by weak links in a full accord with the
earlier proposed description of the disordered film in the critical vicinity of the SIT.
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Comparative studies of anisotropy critical field and vortex dynamics in K0.79Fe1.88Se2
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We have performed comparative transport studies on the K0.79Fe1.88Se2 and
K0.80Fe1.86Mn0.019Se2 single crystals grown by the self-flux method, including temperature
dependence of resistivity under various fields and magnetic hysteresis loops under
different temperature. As seen in Figure 1 (a) and (b), the two samples have high shielding
fraction and sharp superconducting transition, indicating good quality of them. The
K0.80Fe1.86Mn0.019Se2 single crystal should be highly strained when comparing to the Mnfree K0.79Fe1.88Se2 sample, due to its larger c-axis parameter for superconducting phase
[(see inset of Figure 1(a)]. The upper critical field µ0Hc2, critical current Jc were derived
based on the Werthamer-Helfand-Hohenberg theory and extended Bean critical state
model. Meanwhile, the vortex dynamics was also discussed. The results indicate that the
K0.80Fe1.86Mn0.019Se2 single crystal has higher µ0Hc2, smaller anisotropy Γ, stronger pinning
potential U0 and higher current carrying potential [1].
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Figure 1 (a) The temperature dependence of magnetic susceptibility for K0.79Fe1.88Se2 and
K0.80Fe1.86Mn0.019Se2 single crystals. Inset shows XRD patterns of (0 0 8) reflection, and
the arrow shows the superconducting phase peak. (b) The temperature dependence of
normalized resistivity. Inset shows the enlarged view near Tc.
[1] M. T. Li, L. Chen, Z. J. Feng, B. J. Kang, S. X. Cao, J. C. Zhang, in preparation.
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