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Monday, June 30

Welcome ProgramProgram

Monday, 8h45–9h00 Chair: A. Sacuto et al.

Mo1: Pseudogap I ProgramProgram

Monday, 9h00–10h50 Chair: P. Bourges

9:00-9:25 M.R. NormanM.R. Norman What is the pseudogap?
9:25-9:50 M. GrevenM. Greven New insights into the cuprate phase diagram

from transport, X-ray and neutron scattering
studies of HgBa2CuO4+δ

9:50-10:15 C.M. VarmaC.M. Varma Some constraints put by experiments on
theories of high temperature superconductivity
in cuprates

10:15-10:30 V.M. YakovenkoV.M. Yakovenko Possible spiral structure in the pseudogap
phase of cuprates

10:30-10:40 L. Mangin-ThroL. Mangin-Thro Search for Intra-Unit-Cell magnetic order close
to optimal doping in superconducting cuprates

10:40-10:50 S. SakaiS. Sakai Evidences of an s-wave structure of the
pseudogap in high-Tc cuprate superconductors

Mo2: Multiferroics ProgramProgram

Monday, 11h15–12h45 Chair: R.P.S.M. Lobo

11:15-11:40 J.G. ParkJ.G. Park Low energy spin dynamics of multiferroic RMnO3
and BiFeO3

11:40-12:05 S. de BrionS. de Brion THz Magneto-Electric excitations in multiferroic
compounds

12:05-12:20 J. PetzeltJ. Petzelt Broadband dielectric spectroscopy of
BaTiO3-BaZrO3 solid solutions

12:20-12:35 U. NagelU. Nagel Room temperature toroidal moment in multiferroic
BiFeO3 and its interaction with THz light

12:35-12:45 L. ChaixL. Chaix Bunched modulation of the magnetic structures in
chiral compounds: towards new magnetoelectric
excitations
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Mo3: Topological Insulators I ProgramProgram

Monday, 15h15–16h50 Chair: D. van der Marel

15:15-15:40 S. LupiS. Lupi Plasmonic excitations in topological insulators
15:40-16:05 L. PerfettiL. Perfetti Dynamics of the electrons in surface states with

strong spin-orbit coupling
16:05-16:20 A. AkrapA. Akrap Magnetooptical study of giant Rashba systems

BiTeBr and BiTeCl
16:20-16:30 M. AutoreM. Autore Dirac plasmonics of topological insulators
16:30-16:40 Liang WuLiang Wu A sudden collapse in the transport lifetime across

the topological phase transition in (Bi1−xInx)2Se3

16:40-16:50 A. KalinkoA. Kalinko Low temperature and high pressure lattice dynamics
study of alpha and beta-SnWO4

Mo4: Optical Conductivity of Superconductors and MIT ProgramProgram

Monday, 17h20–18h50 Chair: S. Tajima

17:20-17:45 C.C. HomesC.C. Homes Optical properties of iron-based conductors and
superconductors

17:45-18:10 N.P. ArmitageN.P. Armitage Optical birefringence and dichroism of cuprate
superconductors in the THz regime

18:10-18:35 L. DegiorgiL. Degiorgi Hysteretic behavior in the optical response of the
underdoped Fe-arsenide Ba(Fe1−xCox)2As2 in
the electronic nematic phase

18:35-18:50 E. JanodE. Janod Optical conductivity measurements of GaTa4Se8
under high pressure: Evidence of a
bandwidth-controlled insulator-to-metal Mott
transition

Poster Session I ProgramProgram

Monday, 19h00 Chair: A. Sacuto

Poster listPoster list

3



Tuesday, July 1

Tu1: Pseudogap II ProgramProgram

Tuesday, 9h00–10h45 Chair: M.R. Norman

9:00-9:25 A. ChubukovA. Chubukov Superconductivity, charge order, and
psudogap phase in hole-doped cuprates

9:25-9:50 L. TailleferL. Taillefer The three phase diagrams of cuprate
superconductors

9:50-10:15 C. PépinC. Pépin Charge ordering around a Quantum Critical
Point in cuprate superconductors

10:15-10:25 O. Cyr-ChoinièreO. Cyr-Choinière Anisotropy of the thermoelectric response in
the pseudogap phase of the cuprate
superconductor YBa2Cu3Oy

10:25-10:35 B. MansartB. Mansart Real-time observation of structural and
electronic degrees of freedom in high-Tc
superconductors

10:35-10:45 F. CilentoF. Cilento Photoinduced antinodal metallicity in the
pseudogap state of high-Tc cuprates

Tu2: Electromagnons ProgramProgram

Tuesday, 11h15–12h45 Chair: J. Petzelt

11:15-11:40 J. HlinkaJ. Hlinka How many different indicators of direction in space
can be distinguished by the space-time symmetry?

11:40-12:05 A. LoidlA. Loidl Electromagnons
12:05-12:20 A. PimenovA. Pimenov Electric field control of terahertz polarization with

electromagnon
12:20-12:35 S. KambaS. Kamba Electromagnons in multiferroic CaMn7O12 and

ε-Fe2O3

12:35-12:45 P. RovillainP. Rovillain Iron borate multiferroics, a new way to observe the
electromagnon?
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Tu3: Methods ProgramProgram

Tuesday, 15h00–16h50 Chair: P. Roy

15:00-15:15 M. Dressel Genzel Prize Ceremony
15:15-15:40 R. HillenbrandR. Hillenbrand (Genzel Prize) Infrared nanoimaging and

nanospectroscopy
15:40-16:05 Z.X. ShenZ.X. Shen Domain walls and edge structures in quantum

system: Views from scanning microwave
impedance microscope

16:05-16:20 A. DamascelliA. Damascelli Probing spin-orbital entanglement by
polarization- and spin-resolved ARPES

16:20-16:35 D.B. TannerD.B. Tanner Use of X-ray scattering factors for
Kramers-Kronig high-frequency extensions

16:35-16:50 M.C. MartinM.C. Martin Ultra-broadband Synchrotron Infrared
Nano-spectroscopy

Tu4: Cuprates CDW ProgramProgram

Tuesday, 17h20–18h50 Chair: M. Greven

17:20-17:45 E. BlackburnE. Blackburn Charge density waves in underdoped YBCO
17:45-18:10 M. Le TaconM. Le Tacon Competing orders in underdoped cuprates
18:10-18:35 C. ProustC. Proust Fermi surface reconstruction by charge order in

underdoped copper oxides
18:35-18:50 R. CominR. Comin Charge order, Fermi-arc instability, and d-wave

bond order in underdoped cuprates

Dinner Talk ProgramProgram

Tuesday, 19h00 Chair: A. Sacuto

J.C. Séamus DavisJ.C. Séamus Davis Visualizing (Electronic) Dragons
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Wednesday, July 2

We1: Graphene ProgramProgram

Wednesday, 9h00–10h45 Chair: J.E. Hoffman

9:00-9:25 D.N. BasovD.N. Basov Nano-plasmonic phenomena in graphene
9:25-9:50 J.N. FuchsJ.N. Fuchs From dia- to paramagnetic orbital susceptibility

of Dirac cones
9:50-10:15 M. OrlitaM. Orlita Massless fermions in 2D and 3D: Infrared

magneto-spectroscopy studies
10:15-10:30 A.V. BorisA.V. Boris Fano resonances in hyperkagome iridates
10:30-10:45 A.B. KuzmenkoA.B. Kuzmenko Strong plasmon reflection at nanometer gaps in

graphene

We2: Fermi Liquids ProgramProgram

Wednesday, 11h15–12h45 Chair: T. Timusk

11:15-11:40 D. van der MarelD. van der Marel Fermi liquid behaviour in strongly correlated
metals

11:40-12:05 A. GeorgesA. Georges Fermi liquids and beyond: Non-Drude
universal scaling and optical signatures of
resilient quasiparticles

12:05-12:30 M. DresselM. Dressel Power-Law behavior of optical conductivity
observed in strongly-correlated organic
conductors

12:30-12:45 M. SchefflerM. Scheffler THz properties of CaRuO3: Can we reconcile
non-Fermi-liquid optics with Fermi-liquid
concepts?

Poster Session II ProgramProgram

Wednesday, 19h30 Chair: A. Sacuto

Poster listPoster list
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Thursday, July 3

Th1: URu2Si2 & Heavy Fermions ProgramProgram

Thursday, 9h00–10h40 Chair: M. Dressel

9:00-9:25 G. BlumbergG. Blumberg Chiral density wave of the ‘hidden order’ phase in
URu2Si2

9:25-9:50 P. ColemanP. Coleman Composite and topological order in heavy fermion
materials

9:50-10:15 T. TimuskT. Timusk The normal state of URu2Si2: Spectroscopic
evidence for an anomalous Fermi liquid

10:15-10:40 D.L. MaslovD.L. Maslov Optical conductivity of Fermi-liquid and
non-Fermi-liquid metals

Th2: Topological Insulators II ProgramProgram

Thursday, 11h10–12h45 Chair: N.P. Armitage

11:10-11:35 J.E. HoffmanJ.E. Hoffman Nanoscale band structure imaging of
topological materials: Sb and SmB6

11:35-12:00 K. IshizakaK. Ishizaka Giant spin splitting in inversion-symmetry
broken semiconductors

12:00-12:15 V. MadhavanV. Madhavan Coexistence of massless and massive Dirac
fermions in topological crystalline insulators

12:15-12:30 R. Valdés-AguilarR. Valdés-Aguilar Time-resolved terahertz dynamics in thin
films of the topological insulator Bi2Se3

12:30-12:45 E.E.M. ChiaE.E.M. Chia Terahertz conductivity of Dirac-like materials
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Th3: BCS & CDW ProgramProgram

Thursday, 15h15–16h50 Chair: D.B. Tanner

15:15-15:40 R. ShimanoR. Shimano Observation of Higgs amplitude mode in
superconductors

15:40-16:05 G. L. CarrG. L. Carr Strong-Field THz study of superconductivity in
the time domain

16:05-16:20 M.A. MéassonM.A. Méasson Amplitude Higgs mode in 2H-NbSe2
superconductor

16:20-16:35 L. BenfattoL. Benfatto Spectroscopic signatures of phase and amplitude
modes in superconductors

16:35-16:50 N.L. WangN.L. Wang Coexistence and competition of multiple
charge-density-wave orders in RTe3 as revealed
by optical probes

Th4: Fluctuations in Cuprates ProgramProgram

Thursday, 17h20–18h50 Chair: R. Hackl

17:20-17:45 C. GiannettiC. Giannetti Snapshots of the retarded electronic interaction
with antiferromagnetic fluctuations in
high-temperature superconductors

17:45-18:10 J.P. HintonJ.P. Hinton Quasiparticle recombination dynamics in the
model cuprate superconductor HgBa2CuO4+δ

18:10-18:35 S. TajimaS. Tajima Optical observation of precursory
superconductivity in YBa2Cu3Oy

18:35-18:50 D. MunzarD. Munzar Evidence for a superconducting origin of
prominent features of the in-plane infrared
response of underdoped cuprates and implications
of their persistence above Tc
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Friday, July 4

Fr1: Pnictides & Heavy Fermions ProgramProgram

Friday, 9h00–10h45 Chair: L. Benfatto

9:00-9:25 R. HacklR. Hackl A light scattering study of the pairing potential in
Fe-based superconductors and related compounds

9:25-9:50 Y. GallaisY. Gallais Raman scattering as a probe of charge nematic
fluctuations in Iron-based superconductors

9:50-10:15 I. PaulI. Paul Nesting induced large magnetoelasticity in the iron
arsenide systems

10:15-10:30 J.S. HallJ.S. Hall Hybridization regime and hidden order state of
URu2Si2: Effects of doping on Fermi liquid
scattering and energy gap

10:30-10:45 H. OkamuraH. Okamura Electron-Hole symmetry in the electronic
structures of Ce and Yb compounds examined by
optical study under high pressure

Fr2: Heterostructures ProgramProgram

Friday, 11h15–12h35 Chair: F. Gervais

11:15-11:40 F. PerezF. Perez Collective spin excitations in diluted magnetic
quantum wells

11:40-11:55 Y. TodorovY. Todorov Collective effects in 2D electron gas and
Ultra-strong light-matter coupling

11:55-12:20 N. BergealN. Bergeal Multiple quantum phase transitions in a
two-dimensional superconductor

12:20-12:35 A. PerucchiA. Perucchi Electrodynamics of hetero-structured high
temperature superconductors

Concluding Remarks ProgramProgram

Friday, 12h35 Chair: LEES Committee
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Monday – Pseudogap IPseudogap I ProgramProgram Author ListAuthor List 9:00-9:25

What is the pseudogap?∗∗

M. R. Norman
norman@anl.govnorman@anl.gov

Materials Science Division, Argonne National Lab, USA

A bewildering array of phenomena occur in underdoped cuprates, includ-
ing superconductivity, nematicity, charge order, spin order, and (perhaps)
orbital currents. Often lost in this discussion of the pseudogap phase is what
the large energy gap seen by spectroscopic probes is actually due to. Here, I
will discuss the pros and cons of the various scenarios that address the origin
of this gap, and implications this has for the physics of the cuprates.

∗Work supported by the US Dept. of Energy, Office of Science, Basic Energy Sciences.
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Monday – Pseudogap IPseudogap I ProgramProgram Author ListAuthor List 9:25-9:50

New insights into the cuprate phase diagram from
transport, X-ray and neutron scattering studies of

HgBa2CuO4+δ
∗∗

Martin Greven
greven@physics.umn.edugreven@physics.umn.edu

University of Minnesota

We will review our extensive efforts to understand the properties of the
tetragonal cuprate superconductor HgBa2CuO4+δ, with particular focus on
recent charge transport [11–33], resonant X-ray scattering [44] and neutron scat-
tering experiments [55, 66] that reveal Fermi-liquid behavior, charge-density-
wave correlations and an unusual magnetic response below optimal doping.
The comparison with the properties of cuprates that feature a higher degree
of disorder and/or lower structural symmetry leads to profound new insights
into the phase diagram of the cuprates.

[1] Neven Barišić et al., Proc. Natl. Acad. Sci. USA 110, 12235 (2013)
[2] Neven Barišić et al., Nature Phys. 9, 761 (2013).
[3] Mun K. Chan et al., arXiv:1402.4472.
[4] Wojciech Tabis et al., manuscript in preparation.
[5] Yuan Li et al., Phys. Rev. B. 84, 224508 (2011).
[6] Mun K. Chan et al., arXiv:1402.4517.

∗Work supported by the US Department of Energy, Office of Basic Energy Sciences.
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Monday – Pseudogap IPseudogap I ProgramProgram Author ListAuthor List 9:50-10:15

Some Constraints put by Experiments on Theories
of High Temperature Superconductivity in

Cuprates
C. M. Varma

chandra.varma@ucr.educhandra.varma@ucr.edu

University of California, Riverside

There is wide-spread agreement now that a phase competes with super-
conductivity in the under-doped region of the Cuprates. The scattering of
its associated quantum-critical fluctuations determine both the strange metal
properties and the high temperature superconductivity.

I will use the ARPES measurements to raise an important issue - the
inelastic scattering in the normal state is independent of angle on the Fermi-
surface, while scattering with maxima at ±90 degrees is required for d-wave
superconductivity.

I will also ask why the phase transition to the under-doped phase is un-
observed in the specific heat measurements and what related sound-velocity
measurements have to say on this issue.
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Monday – Pseudogap IPseudogap I ProgramProgram Author ListAuthor List 10:15-10:30

Possible spiral structure in the pseudogap phase of
cuprates

S.S. Pershoguba, K. Kechedzhi, and V.M. Yakovenko
yakovenk@physics.umd.eduyakovenk@physics.umd.edu

Department of Physics, University of Maryland, College Park, MD 20742-4111,
USA

We propose a novel chiral order parameter to explain recent experimen-
tal developments concerning the polar Kerr effect in underdoped cuprates.
Originally, experimental observation of the polar Kerr effect in the pseudogap
phase of cuprates was interpreted as a signature of a ferromagnetic-like time-
reversal symmetry breaking. However, more recent measurements suggest
that this interpretation is not correct, and the polar Kerr effect is more likely
to originate from a chiral and inversion symmetry breaking, which results in
handedness and spatial dispersion with gyrotropy. Our theoretical scenario
is based on the loop-current model by Varma, which is characterized by the
in-plane anapole moment N and exhibits the magnetoelectric effect. We pro-
pose a helical structure where the vector N(n) in the layer n is twisted by the
angle π/2 relative to N(n − 1), thus breaking inversion symmetry. We show
that coupling between magnetoelectric terms in the neighboring layers for
this structure produces optical gyrotropy, which results in circular and linear
dichroism and the polar Kerr effect. Magnetic field lines produced by the loop
currents get twisted and tilted in a double-helix manner reminiscent of DNA,
which is consistent with tilted intra-unit-cell magnetic moments observed in
neutron scattering experiments. The chiral order parameter requires only
local correlations between neighboring layers and does not imply long-range
translational order and additional Bragg peaks. We also discuss consequences
of this peculiar symmetry breaking for non-linear optical response, such as
second-harmonic generation and appearance of dc current in response to ac
electromagnetic field.

[1] S. S. Pershoguba, K. Kechedzhi, and V. M. Yakovenko, PRL 111, 047005 (2013).
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Monday – Pseudogap IPseudogap I ProgramProgram Author ListAuthor List 10:30-10:40

Search for Intra-Unit-Cell magnetic order close to
optimal doping in superconducting cuprates

L. Mangin-Thro1, P. Bourges1, Y. Sidis1, A. Wildes2

lucile.mangin-thro@cea.frlucile.mangin-thro@cea.fr

1Laboratoire Léon Brillouin, CEA-CNRS, CEA Saclay, 91191 Gif sur Yvette,
France

2Institut Laue-Langevin, 6 rue Jules Horowitz, 38042 Grenoble CEDEX, France

After more than two decades, the origin of superconductivity in copper ox-
ide materials is still a mystery. Several broken symmetry states could compete
with superconductivity, but could also produce electronic or magnetic fluctu-
ations potentially important for the understanding of the superconducting
pairing mechanism and the anomalous electronic properties observed in the
normal state. Using polarized neutron scattering in four cuprates families
[1-4], including YBa2Cu3O6+x, the existence of a new magnetic order was
reported. This order develops below the pseudo-gap (PG) transition temper-
ature, Tmag. Combined with ultrasound measurements [5], it has been es-
tablished that the PG is a broken symmetry state. This new magnetic phase
could be induced by the staggered orbital magnetism within the unit cell as
proposed in the loop current model for the PG state [6]. This Intra-Unit-
Cell (IUC) magnetic order indicates that time reversal symmetry is broken
in the PG state, but translation invariance is preserved. The ordering tem-
perature matches the hole doping dependence of the PG state and is likely to
vanish around a quantum critical point (QCP) close to p 0.2. The existence
of the IUC magnetic order is well documented in a wide hole doping range.
However, its evolution at larger hole doping (in particular, upon approach-
ing the QCP) had not yet been addressed. Our study on YBa2Cu3O6.85
(Tc=89K, p=0.15), performed on 4F1 (Orphée), revealed that the IUC order
settles in below T 200K> Tc, proving the persistence of the IUC order close
to optimal doping. Compared to samples with a lower hole doping level, the
measured intensity at the Bragg position is reduced by a factor of 4 [7], sug-
gesting a shortening of the magnetic correlation length upon increasing hole
doping. Interestingly, this scenario is also consistent with the fast decay of
the magnetic intensity from the under-doped to optimally doped range in the
Bi2Sr2CaCu2O8+d compounds [8]. In order to shed light on the evolution of
the correlation length upon approaching the QCP, complementary measure-
ments were carried out on D7 (ILL). By performing momentum scans across
the Bragg reflection, we indeed report a shortening of the magnetic correlation
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length in YBa2Cu3O6.85: the persistence of the signal away from the Bragg
peak at low temperature means that the scattering remains short range even
at temperature well below Tmag. Diffraction measurements showed also a
critical slowing down of magnetic fluctuations on both sides of the transition
temperature. Besides, by moving away from the Bragg reflection in momen-
tum and in energy, we could observe for the first time low energy magnetic
excitations.

[1] B. Fauqué et al, PRL 96 197001 (2006)
[2] Y. Li et al, Nature 455 372 (2008)
[3] V. Balédent et al, PRL 105 027004 (2010)
[4] S. De Almeida-Didry et al, PRB 86 020504 (2012)
[5] A. Shekhter et al, Nature 497 75 (2013)
[6] C.M. Varma, PRB 73 155113 (2006)
[7] P. Bourges and Y. Sidis, CR Physique 12 461 (2011)
[8] L. Mangin-Thro et al, PRB 89 094523 (2014)
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Monday – Pseudogap IPseudogap I ProgramProgram Author ListAuthor List 10:40-10:50

Evidences of an s-wave structure of the pseudogap
in high-Tc cuprate superconductors

S. Sakai1, S. Blanc 2, M. Civelli3, Y. Gallais2, M. Cazayous2, M.-A.
Méasson2, J. S. Wen4, Z. J. Xu4, G. D. Gu4, G. Sangiovanni5, Y. Motome1,

K. Held6, A. Sacuto2, A. Georges7, and M. Imada1

sakaishiro@gmail.comsakaishiro@gmail.com

1Univ.Tokyo
2Univ.Paris 7

3Univ.Paris 11
4BNL

5 Univ.Wuerzburg

It is established that the superconducting gap in high-Tc cuprates is domi-
nantly d wave, distinct from conventional superconductors, which have s-wave
gap. A gap (the pseudogap) in the one-electron excitation spectra persists
even above the superconducting critical temperature Tc, and its relationship
with the superconducting gap has been a central issue in the search for the
high-Tc superconducting mechanism. According to angle-resolved photoemis-
sion spectroscopy (ARPES), the symmetry of the pseudogap also looks like d
wave. Based on this observation, a number of phenomenological theories have
assumed a d-wave structure also for the pseudogap. However, since APRES in
practice observes only the occupied spectra, almost nothing is actually known
about the spectrum (and the gap structure) above the Fermi level. We explore
this dark (unoccupied) side of the excitation spectra, by combining the elec-
tronic Raman spectroscopy experiments and a cluster extension of the dynam-
ical mean-field theory. Our result reveals an unprecedented s-wave structure
of the pseudogap, whose energy location is strongly dependent on momentum:
The gap opens around the Fermi level in the antinodal region while it resides
above the Fermi level in the nodal region. This s-wave pseudogap structure,
which is different from the s-wave gap in a standard sense, is compatible with
the ARPES observations because the gap below the Fermi level is seemingly
d-wave; The main difference is in the unoccupied spectra, which have been
elusive in experiments. The s-wave pseudogap furthermore explains well the
electron-hole asymmetry observed in recent ARPES and STM experiments.
Our results thus suggest that the pseudogap is not smoothly connected to
the superconductivity gap, imposing a strong constraint on phenomenological
theories of the pseudogap and the high-Tc superconductivity in cuprates.
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Monday – MultiferroicsMultiferroics ProgramProgram Author ListAuthor List 11:15-11:40

Low energy spin dynamics of multiferroic RMnO3
and BiFeO3

Je-Geun Park
jgpark10@snu.ac.krjgpark10@snu.ac.kr

Department of Physics & Astronomy, Seoul National University, Seoul 151-742,
Korea

Multiferroic materials that have the coexistence of both magnetic and fer-
roelectric ground states have drawn significant attention in materials science
over the past ten years or so. The underlying origin of this unusual behavior
in either naturally occurring materials or artificially synthesized thin films
has been a strong enough motivation for material scientists to discover or
rediscover new multiferroic materials.

Among a long list of multiferroic materials, hexagonal manganites RMnO3
and BiFeO3 are arguably two most interesting multiferroic materials. In par-
ticular, BiFeO3 has been extensively investigated for potential applications
by virtue of its magnetic and ferroelectric transitions occurring above room
temperature: TN=650 K and TC=1050 K. Moreover, it has a very interesting
incommensurate magnetic phase transition with an extremely long period of
650 Å. On the other hand, the hexagonal manganite materials exhibit a natu-
ral two-dimensional triangular lattice, which provide an interesting platform
to investigate low dimensional magnetism with a supposedly strong coupling
to the ferroelectric order parameter.

Over the past few years or so, there have been a multitude of studies done
on both compounds. Largely thanks to these extensive studies, we have now
come to know extremely details about the physical properties of the two ma-
terials. One of the most fruitful approaches in addressing some fundamental
issues is to examine the spin dynamics. This exercise would lead to a micro-
scopic understanding of how the magnetic moment is coupled, if ever, to the
ferroelectric degree of freedom. In this talk, I will present our results obtained
from high resolution inelastic neutron scattering experiments.
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Monday – MultiferroicsMultiferroics ProgramProgram Author ListAuthor List 11:40-12:05

THz Magneto-Electric excitations in multiferroic
compounds

S. de Brion1, L. Chaix1,2, V. Simonet1, R. Ballou1, J.B. Brubach3, P. Roy3,
S. Petit4

sophie.debrion@neel.cnrs.frsophie.debrion@neel.cnrs.fr

1 Institut Néel, CNRS and Université Joseph Fourier, BP166, F-38042 Grenoble
Cedex 9, France

2 Institut Laue-Langevin, 6 rue Jules Horowitz, BP 156, F-38042 Grenoble Cedex
9, France

3 Synchrotron SOLEIL, L’Orme des Merisiers Saint-Aubin, 91192 Gif-sur-Yvette,
France

4 CEA, Centre de Saclay, /DSM/IRAMIS/ Laboratoire Léon Brillouin, 91191
Gif-sur-Yvette,France

Magneto-electric (ME) phenomena, involving cross coupling between elec-
tric and magnetic degrees of freedom, are attracting considerable attention.
These ME couplings can also have signatures on the elementary excitations
that emerge from the ordered states that prevail. The first examples, the
so called electromagnons, were observed in several compounds, mainly multi-
ferroics by Terahertz (THz), and Far Infrared spectroscopies. They are now
perceived as in magnons dressed with electric charges, hence excitable via
an electric field. Several microscopic mechanisms at these ME coupling have
been proposed, that vary with the investigated material, and even within they
same compound. Here we report on new mechanisms for ME excitations that
we have evidenced combining THz/FIR spectroscopies with inelastic neutron
measurements.
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Broadband dielectric spectroscopy of
BaTiO3-BaZrO3 solid solutions

J. Petzelt, D. Nuzhnyy, M. Savinov, V. Bovtun, J. Hlinka
petzelt@fzu.czpetzelt@fzu.cz

Institute of Physics ASCR, Prague, Czech Republic

xBaZrO3-(1− x)BaTiO3 (BZT-x) solid solution is the most studied lead-
free perovskite system with properties changing from ferroelectric (x = 0),
over diffuse ferroelectric (x = 0.1− 0.2), relaxor ferroelectric (x = 0.3− 0.8),
dipolar glass (x > 0.8), up to standard dielectric behaviour (x = 1). We
have studied the dielectric response in whole composition region in the wide
100 Hz-100 THz frequency range down to 10 K using several spectroscopic
techniques. The complex phonon behaviour in the far IR range is ascribed
to eigenvector crossover of the lowest-frequency TO1 mode. The relaxation
in the 100 GHz range is assigned to theoretically proposed (in acentric sys-
tems) anharmonic quasi-Debye losses. The main lower-frequency relaxation
is thermally activated with a universal (for x = 0.4 − 0.8) activation energy
of ∼ 0.16 eV. It is assigned to local hopping of the off-centered Ti4+ ions in
the frozen microscopic BaTiO3 clusters. It appears to be the first relaxor fer-
roelectric system with such a simple dynamics of polar clusters. First results
are published [11] and submitted [22].

[1] D. Nuzhnyy, J. Petzelt, M. Savinov, T. Ostapchuk, V. Bovtun, M. Kempa, J. Hlinka, V.
Buscaglia, M. T. Buscaglia, P. Nanni : Broadband Dielectric Response of Ba(Zr,Ti)O3
Ceramics: From Incipient via Relaxor up to Classical Ferroelectric behavior, Phys. Rev. B
86, 014106 (2012).

[2] -dtto-: Broadband dielectric spectroscopy of Ba(Zr,Ti)O3: dynamics of relaxors and diffuse
ferroelectrics, submitted (arXiv:1312.3131).
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Room temperature toroidal moment in multiferroic
BiFeO3 and its interaction with THz light

U. Nagel,1 and T. Rõõm,1 and I. Kézsmárki,2 and S. Bordács,3 and Randy
S. Fishman,4 and Hee Taek Yi,5 and S.-W. Cheong5

urmas.nagel@kbfi.eeurmas.nagel@kbfi.ee

1NICPB, Tallinn, Estonia
2Budapest University of Technology and Economics

3Quantum-Ph

Excitations in multiferroics, electromagnons [11, 22], can be used to control
the polarization and intensity of THz light [33–66]. Using far infrared spec-
troscopy we show that spin excitations in BiFeO3 simultaneously interact with
the electric and magnetic field components of light because an applied static
magnetic field induces a toroidal moment in the cycloidal spin structure [77].
These toroidal excitations exhibit strong direction-dependent absorption even
in the room-temperature state of the material.

[1] A. Pimenov, et al., Nature Physics 2, 97 (2006).
[2] Y. Tokura, Science 312, 1481 (2006).
[3] I. Kezsmarki, et al., Phys. Rev. Lett. 106, 057403 (2011).
[4] Y. Takahashi, et al., Nature Physics 8, 121 (2012).
[5] S. Bordacs, et al., Nature Physics 8, 734 (2012).
[6] D. Szaller, et al., Phys. Rev. B 87, 014421 (2013).
[7] S. Miyahara and N. Furukawa, J. Phys. Soc. Jpn. 81, 023712 (2012).
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Bunched modulation of the magnetic structures in
chiral compounds: towards new magnetoelectric

excitations
L. Chaix1,2,3, V. Simonet2,3, R. Ballou2,3, S. Petit4, E. Ressouche5, L.-P.

Regnault5, J. Ollivier1 J.-B. Brubach6, P. Roy6, S. deBrion2,3

chaixl@ill.frchaixl@ill.fr

1Institut Laue-Langevin, 6 rue Jules Horowitz,38042 Grenoble, France
2CNRS, Institut Néel, 38042 Grenoble, France

3Université Grenoble Alpes, Institut Néel, 38042 Grenoble, France
4CEA, Centre de Saclay, /DSM/IRAMIS/ Laboratoire Léon Brillouin, 91191

Gif-sur-Yvette,France
5SPSMS-MDN, UMR-E CEA/UJF-Grenoble, INAC, 38054 Grenoble, France

6Synchrotron SOLEIL, L’Orme des Merisiers Saint-Aubin, 91192 Gif-sur-Yvette,
France

The langasite Ba3NbFe3Si2O14 has recently attracted a lot of attention
due to its unique chiral (structural, magnetic and excitations) and multifer-
roic properties [11–44]. The magnetic order of the Fe3+ magnetic moments is
made of a 120 arrangement in triangles, helically propagated in the perpendic-
ular direction. We report here new experimental evidence showing that this
picture is incomplete. An anti-crossing of magnons leading to extinction is
observed by inelastic neutron scattering. Moreover, higher order and forbid-
den weak magnetic and structural satellites have been evidenced using single
crystal neutron diffraction measurements, with and without longitudinal po-
larization analysis. From a comparison with the Ba3TaFe3Si2O14 compound
with the reversed structural chirality, where these experimental signatures are
significant, I will show that these features can be explained by the presence
of single-ion anisotropy combined with the DM interaction, and by the loss
of the 3-fold axis. This results in a bunched modulation of the helical order.
Moreover, the resulting symmetry lowering is a key parameter to understand
the new kind of magnetoelectric excitations observed in these two compounds
by THz spectroscopy as well as their multiferroic properties [33,44].

[1] K. Marty, et al., Phys. Rev. Lett. 101 247201, (2008); Phys. Rev. B 81 054416, (2010).
[2] M. Loire, et al., Phys. Rev. Lett. 106 20720, (2011).
[3] N. Lee, et al. App. Phys. Lett. 104(7) 072904, (2014).
[4] L. Chaix, et al., Phys. Rev. Lett. 110 157208, (2013).
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Plasmonic Excitations in Topological Insulators
Stefano Lupi

stefano.lupi@roma1.infn.itstefano.lupi@roma1.infn.it

Department of Physics and INFN, Sapienza University of Rome, P.le A. Moro 2,
00185 Rome, Italy

The quantized collective oscillations of ordinary massive electrons are since
a long time basic ingredients of research in plasmonics and in optical meta-
materials. Instead, plasmons of massless Dirac electrons have been recently
observed in graphene and their properties applied to new tunable metamateri-
als from terahertz to the mid-infrared range. Apart graphene, Dirac particles
have been also observed in topological insulators (TI). TI are quantum elec-
tronic material with an insulating gap in the bulk of spin–orbit origin, and
metallic states at the interface with the vacuum or another dielectric. In this
talk, we report on plasmonic excitations in Bi2Se3 topological insulator thin
films patterned in different micro-structures. Propagating plasmons were ob-
served in micro-ribbon arrays and localized plasmons instead in micro-disks
and rings. In all cases plasmon excitations can be well described in terms
of the electrodynamics properties of single-particle Dirac carriers. Moreover,
the plasmon lineshape was found to be extremely robust vs. temperature, as
expected for the excitations of topological carriers.
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Dynamics of the electrons in surface states with
strong spin-orbit coupling

Luca Perfetti
luca.perfetti@polytechnique.eduluca.perfetti@polytechnique.edu

Laboratoire des Solides Irradiés, Ecole Polytechnique, F-91128 Palaiseau, France

The realization of transistors via the transport of spin polarized electrons
has attracted the interest of the solid state community for 20 years. In such
devices, an applied gate voltage induces a spin torque of the injected electrons
via spin-orbit (SO) interaction. The energy scale of this effect is typically 1–10
meV in the semiconductor heterostructures, but reaches values 10 times larger
at surfaces of systems containing heavy elements. Therefore, the latter are
considered as valuable models for future spintronic applications. This cross
fertilizing field has been recently enriched by the discovery of protected edge
states in topological insulators. A macroscopic spin injection in these surface
states may be obtained by optically pumping the system with circularly polar-
ized photons. Such a technique has been widely employed to optically orient
the spins of bulk semiconductors and GaAs/AlAs quantum wells. Here the
optical transition selection rules of the Bloch bands are inherited from their
parent atomic orbits. Alternatively, the spin polarization can be entangled
to valley degrees of freedom by intercellular currents. The ternary compound
BiTeI is a valuable example of a noncentrosymmetric material where this pro-
cess should induce an optical spin-orientation. Our time resolved detection
of the electronic states out of equilibrium conditions disclose unusual scatter-
ing mechanism in the femtosecond regime and nanometric scale. Since BiTeI
holds large spin-orbit coupling, the optical pumping with circularly polarized
photons naturally produce a macroscopic spin orientation of the electronic
states. We monitor the orbital polarization of the photoexcited system via
the dichroic constrast generated by circularly polarized laser pulses on a pho-
toelectron current. Interestingly, the dichroic contrast acquired 80 fs after
photoexcitation is already different from the one expected from the point
group symmetry of the crystal. We deduce that the initial spin orientation
decays on a time scale faster than the electronic thermalization. The observed
dichroism has been ascribed to the transport of electrons out of the photoex-
citation volume within the duration of the pump pulse. In the case of BiTeI,
this ultrafast transport depends on the photon helicity because of the lack
of spatial inversion symmetry. We conclude that the different transport of
energy density is due to chiral scattering events of an electronic distribution
that does not respect detailed balanced conditions.
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Magnetooptical study of giant Rashba systems
BiTeBr and BiTeCl

Ana Akrap,1 J. Teyssier,1 Julien Levallois,1 Arnaud Magrez,2 Alexey B.
Kuzmenko,1 Dirk van der Marel1

ana.akrap@unige.chana.akrap@unige.ch

1DPMC, University of Geneva, Switzerland
2 Crystal Growth Facility, Institut de Physique de la Matière Condensée, École

Polytechnique Fédérale de Lausanne, Switzerland

Layered bismuth chalchogenides BiTeX (where X=I, Br or Cl) host gi-
ant Rashba spin splitting, which makes these materials interesting for spin
manipulation.

We present a comparative study of the optical properties - reflectance,
transmission and optical conductivity - and Raman spectra of BiTeBr and
BiTeCl at 300 K and 5 K. Despite different space groups, the optical proper-
ties of the two compounds are very similar. Both materials are doped semi-
conductors, with the absorption edge above the optical gap which is lower
in BiTeBr (0.62 eV) than in BiTeCl (0.77 eV). The same Rashba splitting is
observed in the two materials. A non-Drude free carrier contribution in the
optical conductivity as well as three Raman and two infrared phonon modes
are observed in each compound. There is a dramatic difference in the high-
est infrared phonon intensity for the two compounds, and a difference in the
doping levels. Aspects of the strong electron-phonon interaction are identi-
fied. Several interband transitions are assigned, among them the low-lying
absorption β which has the same value 0.25 eV in both compounds and is
caused by the Rashba spin splitting of the conduction band. An additional
weak transition is found in BiTeCl, caused by the lower crystal symmetry.

We performed a detailed study of reflectivity and Kerr effect on BiTeBr
and BiTeCl up to a field of 7 T and in a wide energy range from 2 meV to
0.5 eV. We find a large Kerr effect in BiTeBr in the far infrared (with Kerr
rotation up to 0.15 rad) and a smaller but qualitatively similar response in
BiTeCl. The analysis of the Kerr BiTeBr data is done in terms of the Rashba
split bands.
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Dirac plasmonics of Topological Insulators
M. Autore,1 F. D’Apuzzo,2 S. Lupi1
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1 Physics Department - University of Rome "Sapienza" and INFN
2 Physics Department - University of Rome "Sapienza" and IIT

Recently, a new developement in the field of plasmonics has been achieved
by means of engineering plasmonic structures in Topological Insulators (TIs).
Indeed, their peculiar properties such as 2D intrinsic transport carried out by
Dirac fermions, very high surface density (n 10 13 cm -2) compared to the
typical values for metallic surfaces, backscattering protection and robustness
of the topological phase at room temperature, make them perfect candidates
to develope and take further plasmon based technology. We performed a wide
study of plasmonic excitations on topological insulator Bi2Se3-based devices
in the THz range, using Fourier Transform Infrared (FT-IR) spectroscopy
technique. In particular, we investigated resonances dispersion in thin film
samples patterned with several shapes by means of Electron Beam Lithogra-
phy (EBL) in collaboration with the Institute for Photonics and Nanotech-
nologies in Rome. A first study was performed on Bi2Se3 micro-ribbon arrays,
enabling to trace the energy-momentum dispersion for plasmonic excitations,
in good agreement with the relation expected for 2D gases p propto k 1/2.
Most importantly, we found a very good quantitative agreement with that
predicted for Dirac plasmons. Then we investigated devices patterned with
microring arrays, which are interesting because they exhibit two distinct res-
onances (bonding and antibonding), arising from the hybridization between
the resonance of a disk and the one of an anti-dot. The measured extinc-
tion coefficient has been compared to ab initio analytical model for plasmonic
resonances, through a collaboration with the Institute of Photonic Sciences
in Barcelona. The comparison gives an impressive agreement, given the fact
that the model has no free parameter, thus opening the way for further predic-
tion and tailoring of plasmonic devices in the THz range. Finally, we studied
the excitations on Bi2Se3 micro-disk arrays, and we intend to perform trans-
mission measurements under the effect of a strong magnetic field (up to 30
T) perpendicular to the surface, expecting to observe and charachterize the
resonance splitting due to the excitation of magnetoplasmons. Moreover, we
studied the quantum phase transition (QPT) from a topological insulator to
a conventional band insulator exploiting the plasmonic properties of micro-
ribbon arrays of (Bi1-xInx)2Se3 . Under the effect of In-Bi substitution, this
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material undergoes a QPT around x=0.05, as recently observed by means of
ARPES and time domain spectroscopy measurements. The study of plasmon
dispersion and width as a function of doping represent a first study of the
behavior of collective excitations through the QPT.
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A sudden collapse in the transport lifetime across
the topological phase transition in (Bi1−xInx)2Se3

∗∗

Liang Wu, M. Brahlek, R. Valds Aguilar, A. V. Stier, C.M. Morrus, Y.
Lubashevsky, L. S. Bilbro, N. Bansal, S. Oh and N. P. Armitage

liangwu@pha.jhu.eduliangwu@pha.jhu.edu

Department of Physics and Astronomy, The Johns Hopkins University, Baltimore,
MD 21218 USA

AbstractText Topological insulators (TIs) are newly discovered states
of matter with robust metallic surface states protected by the topological
properties of the bulk wavefunctions. A quantum phase transition (QPT)
from a TI to a conventional insulator and a change in topological class can
only occur when the bulk band gap closes. In this work, we have utilized
time-domain terahertz spectroscopy (TDTS) to investigate the low frequency
conductance in (Bi1−xInx)2Se3 as we tune through this transition by indium
substitution. Above certain substitution levels we observe a collapse in the
transport lifetime that indicates the destruction of the topological phase. We
associate this effect with the threshold where states from opposite surfaces
hybridize. The substitution level of the threshold is thickness dependent and
only asymptotically approaches the bulk limit x ≈ 0.06 where a maximum
in the mid-infrared absorption is exhibited. This absorption can be identi-
fied with the bulk band gap closing and a change in topological class. The
correlation length associated with the QPT appears as the evanescent length
of the surface states. The observation of the thickness-dependent collapse of
the transport lifetime shows the unusual role that finite size effects play in
this topological QPT. Possibility of realization of Weyl semi-metal near the
Quantum critical point (x ≈ 0.06) by applying a magnet field will also be
discussed. THz measurements on a new generation of Bi2Se3 samples with
low bulk carrier concentration is also investigated.

[1] Wu et al., Nature Phys. 9 410-414 (2013)
[2] Valdés Aguilar, et al. Phys. Rev. Lett, 108, 087403 (2012).

∗The work at JHU was supported by the Gordon and Betty Moore Foundation through
Grant GBMF2628 to NPA and from the DOE through DE-FG02-08ER46544. The work
at Rutgers was supported by IAMDN of Rutgers University, NSF DMR-0845464 and ONR
N000140910749/N000141210456.
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Low temperature and high pressure lattice
dynamics study of alpha - and beta-SnWO4

A. Kalinko1, A. Kuzmin2, A. Anspoks2, J. Timoshenko2, R. Kalendarev2,
P. Roy1
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Tin tungstate (SnWO4) exists in two polymorphs: the low-temperature
orthorhombic alpha -phase (Pnna space group) [11] with the indirect band
gap Eg=1.64 eV [22] and the high-temperature cubic beta -phase (P213 space
group) [33] with the direct band gap Eg=2.6-2.7 eV [22]. A diffusion-controlled
phase transition from alpha to beta -phase occurs upon heating under vacuum
at about 670◦C, whereas the high-temperature beta -phase can be stabilized
at room temperature by quenching from above 670◦C [44]. The difference in
band gaps is related to the atomic structure: while tin atoms are six-fold
coordinated by oxygen atoms in both phases, tungsten atoms have WO6 oc-
tahedral coordination in alpha -SnWO4, but WO4 tetrahedral coordination
in beta -SnWO4 [11, 22]. The valence band in both phases is mainly composed
of strongly interacting O 2p and Sn 5s states, whereas the conduction band
is built up of W 5d and O 2p antibonding states with an admixture of Sn
5p states [22, 55]. These small band gaps and specific band structures allow
using SnWO4 in photocatalysis and gas sensing. Only a few studies of both
SnWO4 phases are available in the literature: their lattice dynamics has been
probed by Raman and mid-infrared spectroscopies at room temperature and
normal pressure [44, 66]. Nevertheless, their small band gap values and pecu-
liar atomic structure suggest possible pressure induced phase transitions. In
the present study, the lattice dynamics of alpha - and beta -SnWO4 as a
function of pressure (0-12 GPa) and in a wide temperature range (6-300 K)
was investigated by Raman and synchrotron-based far/mid-infrared spectro-
scopies. The experimental results were supported by the first-principles linear
combination of atomic orbital (LCAO) calculations. The alpha - and beta -
phases of SnWO4 were synthesized using a solid-state reaction method by
heating under vacuum equimolar mixtures of SnO and WO3 at 600◦C and
750◦C, respectively. X-ray powder diffraction was used to control the phase
of the obtained samples. Far (50-650 cm−1) and mid (550-8000 cm−1) in-
frared measurements were performed in transmission mode using synchrotron
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radiation combined with a IFS 125MR FTIR interferometer. The tempera-
ture and pressure control were respectively realized using a closed cycle He
cryostat and a recently developed high-pressure setup based on a diamond
anvil cell. The sample pressure was monitored using ruby luminescence. The
high-pressure micro-Raman measurements were performed in backscattering
geometry using HORIBA Jobin Yvon iHR320 spectrometer and 514.5 nm ar-
gon laser. Polyethylene and KBr pressure transmitting media were used for
far- and mid-infrared experiments, respectively, whereas a methanol-ethanol
mixture (4:1) was used for Raman experiments. Far-infrared measurements
in the low-temperature range (6-300 K) did not reveal any phase transitions
neither in alpha - or beta -SnWO4. The evolution of vibrational bands upon
increasing temperature can be explained by thermal lattice expansion leading
to band broadening and shift to lower frequencies. The main difference be-
tween the two phases is the 250 cm−1 wide gap in the phonon density of states
in beta -SnWO4, separating high-frequency stretching modes of the WO2−

4
tetrahedra from other modes. High-pressure Raman and infrared measure-
ments of beta -SnWO4 indicate an almost linear increase of the frequencies of
all phonon up to 10 GPa except for those at about 270 and 800 cm−1, which
show anomalous pressure dependence: a negative shift applying the pressure.
The amorphisation of beta -SnWO4 giving rise to broad phonon structures
occurs above 10 GPa, and the amorphous phase remains stable after releas-
ing the pressure. In contrast, the phonon modes of alpha -SnWO4 are only
broadened with pressure increasing in this pressure range while, a large shift
of 25 cm−1 for the highest W-O stretching mode at 777 cm−1 appears in
the Raman spectrum indicative of a distortion of the WO6 octahedra upon
lattice contraction. First-principles LCAO simulations predict changes in the
structure and electronic properties of alpha - and beta -SnWO4 as pressure
increases up to 16 GPa. They suggest that the calculated band gap value is
reduced upon increasing pressure in both phases, leading to an insulator-to-
metal transition for alpha -SnWO4 only. The evidence of this transition was
experimentally observed in the mid-infrared region (800-1600 cm−1), where
an abrupt decrease of the transmission was detected in the 5-7 GPa pressure
range in alpha -SnWO4.

[1] Jeitschko, et al., Acta Crystallogr.B 30 (1974) 2088
[2] Jeitschko, et al., Acta Crystallogr.B 28 (1972) 3174
[3] Cho, et al., J. Phys.Chem.C 113 (2009) 10647
[4] Solis, et al., Phys.Rev.B 57 (1998) 13491
[5] Kuzmin, et al., Phys.Scr. 89 (2014) 044005
[6] Wojcik, et al., J.Phys.Chem.C 117 (2013) 5301
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Optical Birefringence and Dichroism of Cuprate
Superconductors in the THz regime ∗∗
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The presence of optical polarization anisotropies, such as Faraday/Kerr
effects, linear birefringence, and magnetoelectric birefringence are evidence
for broken symmetry states of matter. The recent discovery of a Kerr effect
using near-IR light in the pseudogap phase of the cuprates can be regarded as
a strong evidence for a spontaneous symmetry breaking and the existence of
an anomalous long-range ordered state. In this work we present a high pre-
cision study of the polarimetry properties of the cuprates in the THz regime.
While no Faraday effect was found in this frequency range to the limits of
our experimental uncertainty (1.3 milli-radian or 0.07◦), a small but signifi-
cant polarization rotation was detected that derives from an anomalous linear
dichroism. In YBa2Cu3Oy the effect has a temperature onset that mirrors the
pseudogap temperature T∗ and is enhanced in magnitude in underdoped sam-
ples. In x = 1/8 La2−xBaxCuO4, the effect onsets above room temperature,
but shows a dramatic enhancement near a temperature scale known to be
associated with spin and charge ordered states. These features are consis-
tent with a loss of both C4 rotation and mirror symmetry in the electronic
structure of the CuO2 planes in the pseudogap state.

∗The THz instrumentation development and measurements at JHU was supported by
the Gordon and Betty Moore Foundation through Grant GBMF2628 to NPA. The film
growth at Technion was supported in part by the joint German-Israeli DIP project and the
Karl Stoll Chair in Advanced Materials.
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Hysteretic behavior in the optical response of the
underdoped Fe-arsenide Ba(Fe1−xCox)2As2 in the

electronic nematic phase∗∗

L. Degiorgi
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Laboratorium für Festkörperphysik,ETH - Zürich, CH-8093 Zürich, Switzerland

The tetragonal-to-orthorhombic structural phase transition at TS , coinci-
dent or preceding the onset of an antiferromagnetic ground state at TN , in
the underdoped regime of quite all families of iron-pnictide and chalcogenide
superconductors breaks the four-fold rotational symmetry of the tetragonal
phase, implying the onset of a nematic phase. The relevance of nematicity,
either electronic in nature or spin-induced, in shaping their phase diagram is
certainly one of the most debated issue nowadays. We report on an optical
reflectivity study of Ba(Fe1−xCox)2As2 with x = 0 and 2.5%, detwinned by
uniaxial and in-situ tunable pressure acting as an external symmetry-breaking
field. We discover a remarkable optical anisotropy as a function of the applied
pressure, very much reminiscent of a hysteretic-like behavior. Its temperature
dependence supports the analogy between pressure and external magnetic field
with respect to the electronic anisotropy in iron-pnictides and magnetization
in ferromagnets, respectively. We estimate the nematic susceptibility, which
is Curie-like at temperatures close to and above TS and which may hint to a
ferro-orbital ordering as driving mechanism for both structural and magnetic
transitions.

∗Work in collaboration with: A. Dusza, C. Mirri, S. Bastelberger, A. Lucarelli
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Optical properties of iron-based conductors and
superconductors ∗∗
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Condensed Matter Physics and Materials Science Department, Brookhaven
National Laboratory, Upton, New York 11973, USA

In the high-temperature cuprate superconductors, only a single band is ob-
served at the Fermi level; as a result the optical conductivity may be modeled
using a single free-carrier component. In a simple metal the Drude model usu-
ally sufficient; however, electronic correlations and electron-boson coupling in
the cuprates require a more generalized form in which the scattering rate and
the effective mass are both frequency dependent [11]. The iron-based conduc-
tors and superconductors are multiband materials with several bands crossing
the Fermi level, resulting in multiple hole and electron pockets at the center
and corners of the Brillouin zone, respectively [22]. The presence of multiple
bands requires, at a minimum, a “two-Drude” model in which the electron
and hole pockets are treated as separate contributions [33]. In general, the
two-Drude approach reveals: (i) a strong component associated with the hole
pocket with a large scattering rate (nearly incoherent transport) that is essen-
tially temperature independent; (ii) a weaker component associated with the
electron pocket whose scattering rate has a strong temperature dependence.
Some recent results using this approach in the pnictide materials BaFe2As2
(TN ' 138 K) and Ba0.6K0.4Fe2As2 (Tc ' 38 K) [44] will be discussed, as well
as some preliminary findings the iron-chalcogenide systems, Fe1+δTe (TN ' 68
K) and FeTe0.55Se0.45 (Tc ' 14 K) [55].

[1] A. V. Puchkov, D. N. Basov, and T. Timusk, J. Phys.: Condens. Matter 8, 10049 (1996).
[2] S. Raghu et al., Phys. Rev. B 77, 220503(R) (2008).
[3] D. Wu et al., Phys. Rev. B 81, 100512 (2010).
[4] Y. M. Dai et al., Phys. Rev. Lett. 111, 117001 (2013).
[5] C. C. Homes et al., Phys. Rev. B 81, 180508(R) (2010).

∗This work done in collaboration with Yaomin Dai, Qiang Li, Jinsheng Wen, Zhijun
Xu, Genda Gu, Ricardo Lobo, and Ana Akrap; work supported by the US Department
of Energy, Office of Basic Energy Sciences, Division of Materials Sciences and Engineering
under Contract No. DE-AC02-98CH10886.
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Optical Conductivity Measurements of GaTa4Se8
Under High Pressure: Evidence of a

Bandwidth-Controlled Insulator-to-Metal Mott
Transition ∗∗

V. Ta Phuoc,1 C. Vaju,2 B. Corraze,2 R. Sopracase,1, 3 A. Perucchi,4 C.
Marini,3 P. Postorino,3 M. Chligui,1 S. Lupi,3 E. Janod,2 and L. Cario2

etienne.janod@cnrs-imn.fretienne.janod@cnrs-imn.fr

1GREMAN, CNRS UMR 7347 - CEA, Université F. Rabelais, UFR Sciences,Parc
de Grandmont, 37200 Tours, France

2Institut des Matériaux Jean Rouxel (IMN), Université de Nantes, CNRS, 2 rue de
la Houssinière, BP32229, 44322 Nantes cedex 3,France

3 CNR-IOM and Department of Physics, Sapienza University of Rome, P.le A.
Moro 2, 00185 Rome, Italy

4 Sincrotrone Trieste S.C.p.A., Area Science Park, 34012 Basovizza, Trieste, Italy

Mott insulators represent a large class of materials with half-filled d or f
orbitals that should be metallic according to conventional band theory, but
are actually insulators thanks to onsite electron-electron (Coulomb) repulsion
U . The theoretical description of the Mott insulating state has been a long-
standing problem [1,2] and only modern approaches such as the dynamical
mean field theory (DMFT) have successfully predicted the whole phase di-
agram (U/D, T/D) of this class of materials (where D represents the half
bandwidth) [3]. An interesting characteristic of Mott insulators is that exter-
nal perturbations, such a chemical or physical external pressure, may provoke
insulator to metal transitions (IMTs) [4]. Recently, a new family of insula-
tors, the lacunar spinel chalcogenides AM4Q8 (A = Ga, Ge; M = V, Nb,
Ta; Q = S, Se) has attracted attention because of their surprising electronic
properties emerging in the vicinity of metal-insulator transitions. As an exam-
ple, GaTa4Se8 undergoes an insulator-metal-superconductor transition under
pressure [5,6]. Moreover, a resistive switching induced by electric pulses was
discovered in these compounds, making these materials promising for RRAM
applications [7,8,9,10]. It was argued that these compounds belong to a new
class of Mott insulators where the relevant entity for electronic correlation is
a cluster of transition metals M4 rather than a single atomic site as usually
encountered, and that their striking resistive switching properties are related

∗The authors thank Marcelo Rozenberg for helpful discussions. This work was supported
by the Agence Nationale de la Recherche through the funding of the NV-CER (ANR-05-
JCJC-0123-01) and NanoMott (ANR- 09-BLAN-0154-101) projects.
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to a Mott IMT [11,12]. In this work,[13] we show that GaTa4Se8 behaves
as a canonical Mott insulator. Our study of optical conductivity under high
pressure combined with band structure calculations indeed indicates that this
compound undergoes an IMT through a crossover region, in remarkable agree-
ment with the (U/D, T/D) phase diagram predicted by the DMFT. Moreover,
our measurements unravel a three components optical conductivity, including
a narrow low energy contribution related to the quasiparticle peak theoret-
ically expected on the metallic side of the Mott metal-insulator transition.
To our knowledge, this is the first time that such a successful comparison
between experimental and theoretical (U/D, T/D) values is obtained, with
the use of optical conductivity under pressure measurements. This may result
from several unique aspects of GaTa4Se8, which include (i) the high connec-
tivity (n = 12 first neighbors) of its fcc lattice particularly well suited for a
comparison with DMFT, an approach based on an infinite connectivity (n
= ∞), and (ii) the absence of disorder due to chemical substitution, which
plays a role in prototypical Mott insulators considered so far, in particular
(V1−xCrx)2O3 and NiS2−xSex. In this context, GaTa4Se8 could become the
new archetypal Mott insulator ideally suited for future in-depth comparisons
between experiments and theory.

[1] N.F. Mott, Proc. Phys. Soc. A 62, 416 (1949).
[2] J. Hubbard, Proc. Roy. Soc. A 277, 237 (1964).
[3] A. Georges, G. Kotliar, W. Krauth, M. Rozenberg, Rev. Mod. Phys. 68, 13 (1996).
[4] M. Imada, A. Fujimori, Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998).
[5] M.M. Abd-Elmeguid, B. Ni, D.I. Khomskii, R. Pocha, D. Johrendt, X. Wang, K. Syassen,

Phys. Rev. Lett. 93, 126403 (2004).
[6] R. Pocha, D. Johrendt, B.F. Ni, M.M. Abd-Elmeguid, J. Amer. Chem. Soc. 127, 8732

(2005).
[7] C. Vaju, L. Cario, B. Corraze, E. Janod, V. Dubost, T. Cren, D. Roditchev, D. Braithwaite,

O. Chauvet, Adv. Mater. 20, 2760 (2008).
[8] L. Cario, C. Vaju, B. Corraze, V. Guiot, E. Janod, Adv. Mater. 22, 5193 (2010).
[9] E. Souchier, L. Cario, B. Corraze, P. Moreau, P. Mazoyer, C. Estounes, R. Retoux, E.

Janod, M.-P. Besland, Phys. Status Solidi - Rapid Res. Lett. 5, 53 (2011).
[10] J. Tranchant, E. Janod, L. Cario, B. Corraze, E. Souchier, J.-L. Leclercq, P. Cremillieu, P.

Moreau, M.-P. Besland, Thin Solid Films 533, 61 (2013).
[11] V. Guiot, L. Cario, E. Janod, B. Corraze, V. TaPhuoc, M. Rozenberg, P. Stoliar, T. Cren

and D. Roditchev, Nature Commun. 4, 1722 (2013)
[12] P. Stoliar, L. Cario, E. Janod, B. Corraze, C. Guillot-Deudon, S. Salmon-Bourmand, V.

Guiot, J. Tranchant and M. Rozenberg, Adv. Mater. 25, 3222 (2013).
[13] V. Ta Phuoc, C. Vaju, B. Corraze, R. Sopracase, A. Perucchi, C. Marini, P. Postorino, M.

Chligui, S. Lupi, E. Janod and L. Cario, Phys. Rev. Lett. 110, 037401 (2013)
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Superconductivity, charge order, and psudogap
phase in hole-doped cuprates

Andrey Chubukov
chubukov@physics.wisc.educhubukov@physics.wisc.edu

University of Wisconsin-Madison, Madison, WI, USA

I discuss the interplay between superconductivity and charge order within
the magnetic scenario for hole-doped cuprates I show that the magnetically-
mediated interaction, which is known to give rise to d-wave superconductivity,
is also attractive in the charge-density-wave channel with diagonal momenta
Qx = (2Q, 0) and Qy = (0, 2Q), as seen in the experiments. I show that the
emerging charge order with Qx/Qy is of stripe type (it appears with Qx or
Qy, but not with both). I further show that a stripe charge order parameter
has two components: one is incommensurate density variation, another is
an incommensurate current. Such an order breaks time reversal symmetry
and generates an oscillating magnetic field. I show that, before CDW order
develops, the system develops a pre-emptive composite order, in which the
two CDW components form a bound state. Such an order does not break
U(1) symmetry associated with CDW, but it breaks time-reversal symmetry.
I also show that CDW order develops in parallel with pair-density-wave order
in the particle-particle channel. I hope that this theory provides the “missing
link” in the spin-fluctuation scenario for the cuprates.
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The three phase diagrams of cuprate
superconductors ∗∗

Louis Taillefer
louis.taillefer@usherbrooke.calouis.taillefer@usherbrooke.ca

University of Sherbrooke

I present three phase diagrams for superconductivity in the high-Tc cuprate
YBCO. For the temperature-doping (T − p) phase diagram, with its charac-
teristic Tc dome, important new information has emerged since the discovery
of quantum oscillations [11] and a negative Hall coefficient [22] showed that the
Fermi surface undergoes a reconstruction in the underdoped regime. This
reconstruction is caused by the onset of charge order, and was shown to be
universal in cuprates, occurring in YBCO [33], Eu-LSCO [33] and Hg-1201 [44].
Its onset coincides with the fall of Tc below its maximal value [55] – so it
is responsible for shaping the Tc dome. We used thermal conductivity to di-
rectly detect the upper critical fieldHc2 [66] and map out the field-temperature
(H − T ) phase diagram, revealing that in the T = 0 limit Hc2(T ) becomes
equal to the resistive critical field Hvs(T ) where the vortex solid melts. In
other words, there is no vortex liquid at T = 0 [66]. Finally, I present the full
(H−p) phase diagram ofHc2 vs. doping, using data from both YBCO and Tl-
2201 [66]. It shows two peaks. Below the upper peak, located at p = 0.18, the
condensation energy drops by a factor 20. We attribute this dramatic drop to
the mechanisms that cause Fermi-surface reconstruction, namely charge order
and pseudogap formation.

[1] N. Doiron-Leyraud et al., Nature 447, 565 (2007).
[2] D. LeBoeuf et al., Nature 450, 533 (2007).
[3] F. Laliberté et al., Nature Communications 2, 432 (2011).
[4] N. Doiron-Leyraudet al., Physical Review X 3, 021019 (2013).
[5] D. LeBoeuf et al., Physical Review B 86, 054506 (2011).
[6] G. Grissonnanche et al., Nature Communications 5, 3280 (2014).

∗In collaboration with G. Grissonnanche, O. Cyr-Choinière, F. Laliberté, S. René de
Cotret, A. Juneau-Fecteau, S. Dufour-Beauséjour, M.-È. Delage, D. LeBoeuf, J. Chang,
B.J. Ramshaw,D.A. Bonn, W.N. Hardy, R. Liang, S. Adachi, N.E. Hussey, B. Vignolle, C.
Proust, M. Sutherland, S. Krämer, J.-H. Park, D. Graf and N. Doiron-Leyraud.
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Charge ordering around a Quantum Critical Point
in cuprate superconductors

C. Pépin1, K. B.Efetov2, H. Meier3, M. Einenkel2
cpepin@cea.frcpepin@cea.fr

1 IPhT, CEA-Saclay
2 Institut für Theoretische Physcis, Universität Bochum, Rhur, Germany

Recent experiments in Cuprate superconductors have unveiled the exis-
tence of charge ordering in the underdoped regime, inside the pseudo gap
phase. This new order, first observed by Nuclear Magnetic Resonance and
Scanning Tunneling Microscopy, was confirmed through quantum oscillation
measurements leading to Fermi surface reconstruction, soft and hard X-ray
scattering. The phase diagram of the cuprate is thus becoming more and more
complex, with the hope that the charge order will shed light on the still mys-
terious pseudo-gap regime. In our theoretical investigation, we address this
issue starting from a minimal model where commensurate anti-ferromagnetic
fluctuations become increasingly strong around a QCP. A recent solution of
the critical region around the QCP [11] showed the emergence of a pseudo-gap
with an unusual composite SU(2) symmetry relying a Quadrupolar Density
Wave (QDW) and pairing (SC) fluctuations. The issue of charge ordering
and relations to experiments will be discussed in the framework of this new
theoretical findings.

[1] Efetov, Meier, Pépin, Nat. Phys. 9, 442 (2013).
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Anisotropy of the thermoelectric response in the
pseudogap phase of the cuprate superconductor

YBa2Cu3Oy

Olivier Cyr-Choinière,1 G. Grissonnanche,1 S. Dufour-Beauséjour,1 J. Day,2
R. Liang,2,3 D.A. Bonn,2,3 W.N. Hardy,2,3 N. Doiron-Leyraud,1 Louis

Taillefer1,3

olivier.cyr-choiniere@usherbrooke.caolivier.cyr-choiniere@usherbrooke.ca

1 Département de physique, Université de Sherbrooke, Sherbrooke, Canada
2 Department of Physics and Astronomy, University of British Columbia,

Vancouver, Canada
3 Canadian Institute for Advanced Research, Toronto, Canada

We recently reported evidence of a broken rotational symmetry in the
pseudogap phase of the cuprate superconductor YBa2Cu3Oy [11]. This bro-
ken symmetry was inferred from the onset of a large in-plane anisotropy of
the Nernst signal N below the pseudogap temperature T ?, attributed to an
anisotropy in the longitudinal coefficients: the electrical conductivity σ and/or
the Seebeck coefficient S. It was pointed out that an anisotropy in N could
also come from an anisotropy in the transverse coefficients: the Hall con-
ductivity σxy and/or the off-diagonal Peltier conductivity αxy [22]. Here we
report a complete study of the anisotropy of all transport coefficients in a
single crystal of underdoped YBa2Cu3Oy with a hole doping p = 0.12 [33].
The measurements were performed first with the sample length along the b-
axis direction and then along the a-axis direction of the orthorhombic crystal
structure, the change being achieved by rotating the CuO chain direction via
detwinning. We therefore extract the anisotropy of the transport coefficients
without uncertainty from geometric factors or sample variation. We disen-
tangle the various contributions to the anisotropy of N , and find that there
is a strong anisotropy in both the longitudinal and transverse thermo-electric
coefficients, i.e. in both S and αxy. We discuss the implications for our un-
derstanding of the pseudogap phase and the Fermi-surface reconstruction,
attributed to charge order [44].

[1] R. Daou et al., Nature 463, 519 (2010).
[2] C. M. Varma, V. M. Yakovenko and A. Kapitulnik, arXiv:1007.1215 (2010).
[3] O. Cyr-Choinière et al., preprint.
[4] F. Laliberté et al., Nature Communications 2, 432 (2011).
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Real-time observation of structural and electronic
degrees of freedom in high Tc superconductors

B. Mansart1,2, J. Lorenzana3 and F. Carbone1

barbara.mansart@espci.frbarbara.mansart@espci.fr

1LUMES, EPFL (Lausanne, Switzerland)
2 LPEM, ESPCI (Paris, France)

3 ICS (Rome, Italy)

Unraveling the complex interplay between electronic and lattice degrees
of freedom is one of the keys towards understanding the unconventional su-
perconductivity mechanism in cuprates. In these complex systems, the ap-
plicability of conventional pairing theories, based on retarded interactions
between electrons mediated by low energy glue bosons, has been doubted and
a completely different framework has been proposed involving non-retarded
interactions associated with high-energy electronic scales [11].

Electron-phonon interactions, leading to superconductivity in conventional
systems, are accessible by ultrafast pump-probe techniques which allow to dis-
tinguish thermally activated phonons from those emitted by conduction band
electrons. Separating the electronic from the out-of-equilibrium lattice sub-
systems, we probed their re-equilibration by monitoring the transient lattice
temperature through femtosecond X-ray diffraction in La2−xSrxCuO4 single
crystals with x=0.1 and 0.21. The temperature dependence of the electron-
phonon coupling is obtained experimentally and shows similar trends to what
is expected from the ab-initio calculated shape of the electronic density-of-
states near the Fermi energy. This study evidences the important role of band
effects in the electron-lattice interaction in solids, in particular in supercon-
ductors [22].

Time-resolved spectroscopies also allow the coherent excitation and real-
time observation of atomic motions and elementary electronic excitations.
We performed broad-band pump-probe optical spectroscopy measurements in
La2−xSrxCuO4 (x=0.15), where a polarized ultrafast laser pulse excites the
superconductor through the Impulsive Stimulated Raman Scattering (ISRS)
effect [33]. The coherent oscillations of the Cooper pairs condensate are de-
tected via delayed supercontinuum pulses and enable a new technique, Co-
herent Charge Fluctuation Spectroscopy (CCFS), to distinguish the electronic
excitations that couple to the superconducting quasiparticles. These results
reveal strong resonance effects between the oscillating condensate and high en-
ergy electronic transitions attributed to the Cu-O charge transfer excitation,
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suggesting the importance of non-retarded interactions in the superconduc-
tivity mechanism of cuprates [44].

[1] P.W. Anderson, "Random Phase Approximation in the theory of superconductivity", Phys.
Rev. 112, 1900 (1958).

[2] B. Mansart, M.J.G. Cottet, G.F. Mancini, T. Jarlborg, S.B. Dugdale, S.L. Johnson,
S.O. Mariager, C.J. Milne, P. Beaud, S. Grübel, J.A. Johnson, T. Kubacka, G. In-
gold, K. Prsa, H.M. Rønnow, K. Conder, E. Pomjakushina, M. Chergui and F. Carbone,
"Temperature-dependent electron-phonon coupling in La2−xSrxCuO4 probed by femtosec-
ond x-ray diffraction", Phys. Rev. B 88, 054507 (2013).

[3] R. Merlin, "Generating coherent THz phonons with light pulses", Solid State Comm. 102,
207 (1997).

[4] B. Mansart, J. Lorenzana, A. Mann, A. Odeh, M. Scarongella, M. Chergui and F. Carbone,
"Coupling of a high-energy excitation to superconducting quasiparticles in a cuprate from
coherent charge fluctuation spectroscopy.", Proc. Natl. Acad. Sci. USA 110, 4539 (2013).
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Photoinduced antinodal metallicity in the
pseudogap state of high-Tc cuprates
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federico.cilento@elettra.eufederico.cilento@elettra.eu

1 Elettra – Sincrotrone Trieste S.C.p.A., Basovizza I-34149, Italy.
2 Department of Physics, Univ. Cattolica del Sacro Cuore, Brescia 25121, Italy.

3 i-Lamp (Interdisciplinary Laboratories for Advanced Materials Physics
(i-LAMP), Università Cattolica del Sacro Cuore, Brescia I-25121, Italy.

4 Department of Physics, Univ. degli Studi di Trieste, Trieste 34127, Italy.
5 Department of Physics, Univ. degli Studi di Milano, Italy.

6 Nanoelectronics Research Institute, National Institute of Advanced Industrial
Science and Technology, Tsukuba, Ibaraki 305-8568, Japan.

7 School of Physics and Astronomy, University of Minnesota, Minneapolis,
Minnesota 55455, USA.

8 Département de Physique de la Matière Condensée, Université de Genève,
Switzerland.

9 Department of Physics and Astronomy, University of British Columbia,
Vancouver, BC V6T 1Z1, Canada.

10 Quantum Matter Institute, University of British Columbia, Vancouver, BC
V6T 1Z4, Canada.

A major challenge in understanding the cuprate superconductors is to
clarify the nature of the fundamental electronic correlations that lead to the
pseudogap phenomenon. We used ultrashort light pulses to prepare a non-
thermal distribution of excitations, and we performed time-resolved broad-
band reflectivity measurements in order to capture novel properties that are
hidden at equilibrium. Our framework unveils a universal pseudogap-like re-
gion in the temperature (T) and hole-doping (p) phase diagram, delimited
by a well-defined T*neq(p) line. In this region the photoexcitation process
leads to a quench of local correlations triggering the evolution of antinodal
excitations from gapped (localized) to metallic (delocalized) quasi-particles
characterized by a longer lifetime. This photoinduced antinodal metallicity
finds a natural explanation in terms of the single-band Hubbard model, in
which the short-range Coulomb repulsion leads to a k-space differentiation
between “nodal” quasiparticles and antinodal excitations, whose self-energy
diverges as in the insulating state.
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How many different indicators of direction in space
can be distinguished by the space-time symmetry?∗∗

Jiri Hlinka
hlinka@fzu.czhlinka@fzu.cz

Insitute of Physics AS CR

This talk aims to draw the attention to the spatiotemporal symmetry of
various vector-like physical quantities. It will be argued that along with the
canonical polar vector, there are still another 7 symmetrically distinct classes
of stationary physical quantities, (“direction indicators”) that can be – and
often are – denoted as standard three-components vectors, even though they
do not transform quite as the static polar vector shoud do [11]. Many of them
are familiar to us as from discussion of excitations and order-parameters of
magnetically ordered crystals, but the concept is general and the application
can go beyond the scope of magnetism and multiferroic physics only. I shall
try to demonstrate the result using both simple arguments and example as as
well as using the concepts of group theory.

[1] J. Hlinka: Eight types of physical “arrows” distinguished by Newtonian space-time sym-
metry, arXiv:1312.0548 (2013).

∗Author greatly appreciated the support provided by the Czech Science Foundation
(Project GACR 13-15110S).
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Electromagnons ∗∗

A. Loidl
alois.loidl@physik.uni-augsburg.dealois.loidl@physik.uni-augsburg.de

Center for Electronic Correlations and Magnetism, University of Augsburg,
Augsburg, Germany

Electromagnons are generic excitations of multiferroics and can be char-
acterized as spin waves carrying dipolar weight via a strong magnetoelectric
coupling. In many cases, in the magnetically ordered phases optical weight
is transferred via magneto-electric coupling from low-lying optical phonons
to magnons. Electromagnon excitations were theoretically predicted already
more than 40 years ago [11] and only recently were experimentally observed
in spin-driven multiferroic rare-earth manganites [22]. Theoretical models to
explain character and nature of electromagnons include purely electronic pro-
cesses like spin currents, small lattice distortions via an inverse Dzyaloshinskii-
Moriya interaction or Heisenberg exchange coupling.

In this talk I will discuss and review the recent status of experiments
and theoretical modeling of the dynamics of multiferroics, reporting on recent
experimental observations of magnetoelectric excitations in different classes
of multiferroics, like in pure and mixed multiferroic rare earth manganites, or
in triangular lattice antiferromagnets like calcium chromate.

Here I will focus on and raise a number of so far unsolved and open ques-
tions: (i) What are the important ingredients of electromagnons? How to
explain the typical twin-peak structure of multiferroic manganites? (ii) How
to distinguish electromagnons from multimagnon excitations and AFM res-
onances? (iii) Do different types of electromagnons exist, e.g. driven by
spin currents or by Heisenberg exchange, or possibly are of other origin and
nature? (iv) Do electromagnons exist also in the magnetic but paraelectric
state? (v) Why is electromagnon response often so broad and is accessible
throughout the Brillouin zone, while antiferromagnetic resonances are sharp
and well defined?

Finally, concerning the wording of electromagnons we advise caution: Not
every excitation below TN is an electromagnon!
[1] G. A. Smolenskii, I. E. Chupis, Sov. Phys. Usp. 25, 475 (1982)
[2] A. Pimenov et al., Nature Phys. 2, 97 (2006)

∗This research was partly supported by the DFG via the Transregional Research Col-
laboration TRR 80 (Augbsurg, Munich, Stuttgart) “From Electronic Correlations to Func-
tionality”.
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Electric field control of terahertz polarization with
electromagnon

Andrei Pimenov
pimenov@ifp.tuwien.ac.atpimenov@ifp.tuwien.ac.at

Institute of Solid State Physics, Vienna University of Technology, 1040 Vienna,
Austria

Magnetoelectric effect in multiferroics has attracted much interest recently
because of possibility to modulate electric polarization by external magnetic
field. A related effect, control of magnetization by electric voltage is more
difficult to realize experimentally but is strongly desirable especially from
the point of view of applications. A promising way to solve this task is to
use novel magnetoelectric excitations (electromagnons) which determine the
terahertz dynamics of several multiferroic systems. In the first part of the
talk we discuss an all-electrical control of a dynamic magnetoelectric effect
in a classical multiferroic manganite DyMnO3, a material containing coupled
antiferromagnetic and ferroelectric orders. Due to off-diagonal elements of
the dynamic magnetoelectric susceptibility a linearly polarized terahertz light
rotates upon passing through the sample. The amplitude and the direction of
the polarization rotation is defined by the orientation of ferroelectric domains
and can be controlled by static voltage. These results can be explained within
the model of a dynamic magnetoelectric susceptibility of a cycloidal magnet
with inverse Dzyaloshinskii-Moriya coupling.

In the second part of the talk recent results on the terahertz dynamics in
(i) multiferroic borate SmFe3(BO3)4 with record values of magnetodielectric
effect and (ii) in triangular lattice antiferromagnet CuCrO2 will be presented.

44

pimenov@ifp.tuwien.ac.at


Tuesday – ElectromagnonsElectromagnons ProgramProgram Author ListAuthor List 12:20-12:35

Electromagnons in multiferroic CaMn7O12 and
ε-Fe2O3

S. Kamba,1 F. Kadlec,1 V. Goian,1 C. Kadlec,1 P. Vaněk, M. Kempa,1 S.
Rols„2 J. Taylor,3 and M. Gich,4
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1nstitute of Physics, Czech Academy of Sciences, Prague, Czech Republic 2Institut
Laue-Lang

The spin waves are usually excited by the magnetic component of the
electromagnetic radiation and they contribute to the magnetic susceptibility.
In multiferroics, spin waves can be also excited by the electric component
of the electromagnetic radiation; therefore, they contribute to the dielectric
permittivity. Such electrically active excitations are activated due to the
dynamic magnetoelectric effect and they are called electromagnons.

The properties of electromagnons and the reasons of their activation in the
THz permittivity spectra will be discussed for two different compounds, which
will be compared with the canonical spin-induced ferroelectric TbMnO3. There,
the ferroelectricity is induced by the inverse Dzyaloshinskii-Moriya inter-
action, but two electromagnons are activated by the magnetostriction [11].
The first example is CaMn7O12, whose ferroelectric polarization is the high-
est among all spin-induced ferroelectrics [22]. In this material, we observed
three infrared-active excitations below 80 cm−1, which change their frequen-
cies and split in the external magnetic field. Their intensities show remark-
able anomalies at the magnetic phase transitions occurring at TN1 = 90K
and TN2 = 50K. The frequencies of these absorption peaks correspond to the
maxima in the magnon density of states obtained by inelastic neutron scatter-
ing. These facts provide an evidence of a magnonic origin of these excitations.
Furthermore, these magnons receive the strength from the polar phonons ob-
served in the infrared spectra; therefore they must be electromagnons. Sur-
prisingly, two of them persist in the paramagnetic phase, 100–150K above
TN1, due to short-range magnetic correlations which we observed by means
of quasielastic neutron scattering.

Further, we will demonstrate that the electromagnons are not restricted to
spin-induced ferroelectrics. We have observed an electromagnon in nanograin
ceramics of the ε phase of Fe2O3 [33]. Below 490K, this material is a ferroelec-
tric ferrimagnet. The infrared-active electromagnon activates in the spectra
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only below 110K, at the same time as the magnetic structure becomes incom-
mensurately modulated. Inelastic neutron scattering spectra provide an evi-
dence of the magnetic character of the electromagnon. Simultaneously, they
show that the electromagnon corresponds to a magnon from the Brillouin-zone
boundary.

Finally we will show how, by combining infrared, THz and inelastic neu-
tron scattering experiments, the electromagnons can be generally discerned
from magnons or phonons. In ε-Fe2O3, this was achieved for the first time us-
ing ceramics, i.e. without using single crystals. In a broader perspective, the
electromagnons are sensitive not only to the static external magnetic field, but
also to the external electric field. This opens a promising route for electrically
controlled magnonics in the THz region.

[1] Y. Takahashi et al., Evidence for an electric-dipole active continuum band of spin excita-
tions in multiferroic TbMnO3, Phys. Rev. Lett., 101, 187201 (2008).

[2] R.D. Johnson, L.C. Chapon et al. Giant improper ferroelectricity in the ferroaxial magnet
CaMn7O12, Phys. Rev. Lett. 108, 067201 (2012).

[3] C. Kadlec et al. Electromagnons in ferrimagnetic ε-Fe2O3 nanograin ceramics. Phys. Rev.
B, 88, 104301 (2013).

46



Tuesday – ElectromagnonsElectromagnons ProgramProgram Author ListAuthor List 12:35-12:45

Iron borate multiferroics, a new way to observe
the electromagnon? ∗∗

P. Rovillain,1 B. Mansart,1 L.N. Bezmaternykh,2 C.S. Nelson,3 and
R.P.S.M. Lobo1

pauline.rovillain@espci.frpauline.rovillain@espci.fr

1 LPEM, ESPCI ParisTech, UPMC, CNRS, Paris, France.
2 Kirenskioe Institute of Physics, Russian Academy of Science,Akademgorodok,

Krasnoyarsk, Russia.
3 Brookhaven National Laboratory, Upton NY, USA

In the last years, multiferroics, have attracted much attention worldwide
because of their large magnetoelectric effects. They open a myriad of pos-
sibilities in spintronics applications as tuning the polarization direction with
a magnetic field and/or change the magnetization direction via an applied
voltage. A particularly exciting prospect in the field of spintronics is to use
the wave like excitations of a magnetic material as a means to transmit and
process information.

We used infrared scattering to probe excitations as phonons and electro-
magnons, the dynamical coupling between spin and lattice degrees of free-
dom in rare earth iron borates. These materials have interesting magnetic
properties due to the subtle interactions between the rare earth and the iron
moments. Among these materials, Nd, Nd0.75Dy0.25, Sm0.5Nd0.5 and Dy
Fe3(BO3)4 are multiferroics or become multiferroics under magnetic field. The
iron moments order antiferromagnetically below TN ≈ 36 K. For all of these
compounds we observe a renormalisation of some phonons at the magnetic
transition. Dy Fe3(BO3)4 shows a structural phase transition at 280 K that
we observe by the change of the phonon mode numbers.

In Nd, Nd0.75Dy0.25, Sm0.5Nd0.5 Fe3(BO3)4 a splitting of the lowest fre-
quency mode in the ab plane appears at low temperature. This splitting can
be the signature of change in the lattice around the magnetic transition but
no structural phase transitions are expected in these compounds. Moreover,
along the c direction the lowest phonon mode has its frequency decreasing
with temperature and the total dielectric function for the c axis comes from
this phonon. This is the typical behaviour of a soft phonon mode in a fer-
roelectric compound. These materials are good candidates to observe the
electromagnon.

∗This projet is partially financed by ANR-EMMA
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Infrared nanoimaging and nanospectroscopy
Rainer Hillenbrand

r.hillenbrand@nanogune.eur.hillenbrand@nanogune.eu

CIC nanoGUNE Consolider, San Sebastian, Spain
Ikerbasque, Basque Science Foundation, Bilbao, Spain

With the development of scattering-type scanning near-field optical mi-
croscopy (s-SNOM), the analytical power of visible, infrared and THz imag-
ing has been brought to the nanometer scale. The spatial resolution of about
10 - 20 nm opens a new era for modern nano-analytical applications such
as chemical identification, free-carrier profiling and plasmonic vector near-
field mapping. After a brief overview of fundamentals and applications of
s-SNOM, recent achievements such as broadband infrared-spectroscopic map-
ping of polymers and proteins will be presented, as well as the launching and
mapping of propagating and localized plasmons in graphene nanostructures.
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Domain Walls and Edge Structures in Quantum
System – Views from Scanning Microwave

Impedance Microscope
Zhi-Xun Shen

zxshen@stanford.eduzxshen@stanford.edu

Stanford University, CA 94305

Understanding and controlling local conductivity have been a corner stone
for important scientific breakthroughs and technological inventions, as exem-
plified by transistor, integrated circuit, Anderson localization, quantum hall
effect and fractional quantum hall effect. In these cases, local visualization
and control of doping, mobility, gating, dielectric, heterostructure, and inter-
diffusion are important. Microwave Impedance microscope provides a new
platform to measure local electrical properties.

Microwave has several inherent advantages. It is coherent so both am-
plitude and phase information can be analyzed to gain quantitative insight.
Its high frequency naturally leads to efficient capacitive coupling, thus no
contact is needed for electrical measurement. It has much higher inherent
contrast for electrical properties than optical microscopy, for conductivity di-
verges for metal but approaches zero for insulator. However, it also has two
disadvantages – relatively poor spatial resolution and stray field coupling that
compromises quantitative analysis.

In this talk, we will report our progress in developing a scalable (batch
processed and shielded tip) non-resonance microwave impedance microscope
that achieves a resolution ∼ 30-50 nm, approaching the interesting physics
length scales: localization and coherence length, the edge state width of topo-
logically ordered systems, etc. The non-resonance approach and merge with
the AFM platform also greatly reduce many of the “practical problems” that
severely compromises advances of the earlier resonator based scanning mi-
crowave microscope, such as thermal drift, height control, and tip consistency
– all critical for quantitative and repeatable measurements.

The highlight of this talk will be the physics insight we gain by applying
this technique to investigate topological structures of novel quantum systems,
including edge state of topological order in quantum hall states of semicon-
ductors and graphene, as well as a rich hierarchy of domain wall physics in
charge ordered oxides.
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Probing spin-orbital entanglement by polarization-
and spin-resolved ARPES

A. Damascelli
damascelli@physics.ubc.cadamascelli@physics.ubc.ca

Department of Physics & Astronomy, University of British Columbia, Vancouver,
British Columbia V6T 1Z1, Canada

Quantum Matter Institute, University of British Columbia, Vancouver, British
Columbia V6T 1Z4, Canada

Novel phases of matter, such as topological and relativistic-Mott insulat-
ing behavior, are being discovered as a result of spin-orbit coupling effects
in solids. These emergent phenomena stem from the strong momentum-
dependent spin-orbital entanglement of the low-energy electronic wavefunc-
tion. A complete microscopic description critically hinges on the availability
of techniques that can probe the entangled spin and orbital quantum numbers,
with momentum resolution. This can be achieved, as I will illustrate using
Bi2Se3 [11,22] and Sr2RuO4 [33] as examples, by taking advantage of novel devel-
opments in angle-resolved photoemission spectroscopy (ARPES). I will show
in particular how polarization- and spin-resolved ARPES can be used to re-
veal the layer-by-layer entangled spin-orbital texture of the topological surface
state in Bi2Se3 [11], and how 3-dimensional photoelectron spin-polarization
control can be achieved – via quantum interference – by varying experimental
configuration and photon energy [22]. Finally, I will show how spin-resolved
ARPES with circular polarization can be used to measure the strength of the
effective spin-orbit coupling in Sr2RuO4, and reveal the spin-orbit-induced
breakdown of pure singlet and triplet Cooper pairing, necessitating a de-
scription of the superconductivity of Sr2RuO4 in terms of the newly found
spin-orbital entangled eigenstates [33].

[1] Z.-H. Zhu et al., Phys. Rev. Lett. 110, 216401 (2013).
[2] Z.-H. Zhu et al., Phys. Rev. Lett. 112, 076802 (2014).
[3] C.N. Veenstra et al., Phys. Rev. Lett. 112, 127002 (2014).
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Use of X-ray scattering factors for Kramers-Kronig
high-frequency extensions

D.B. Tanner
tanner@phys.ufl.edutanner@phys.ufl.edu

University of Florida

Kramers-Kronig analysis, of — for the most part — reflectance data, is
commonly used to estimate the optical conductivity, dielectric function, sum
rules, and other optical functions for new materials. The experimenter typi-
cally has data from far infrared through near ultraviolet, covering, say, 40 to
40,000 cm−1. This is a reasonably wide bandwidth, but of course the Kramers-
Kronig integral extends from zero to infinity, so that extrapolations need to
be made outside the measured range. The high frequency extrapolation is es-
pecially problematic and can cause significant distortions to the conductivity
near the end of the measured range, with consequences for sum rules as well.
The approach used by most is to use a slow power law in 1/ω, transitioning
to 1/ω4 at a considerably higher frequency and continuing this free-carrier
extension to infinity. The mid-range power law is adjusted to match the slope
of the data and to give pleasing curves, but the choice of power (typically
between 0.5 and 2) is arbitrary. Here, I will present an analysis using X-ray
atomic scattering functions presented by Henke and co-workers [11, 22]. These
basically treat the solid as a linear combinations of its atomic constituents
and, knowing the chemical formula and the density, allow the computation of
dielectric function, reflectivity, and other functions. The “Henke reflectivity”
can be used over 10 eV–30 keV, after which a 1/ω4 continuation is perfectly
fine. The bridge between experimental data and the Henke reflectivity as well
as two corrections that needed to be made to the latter will be discussed.

[1] B.L. Henke, E.M. Gullikson, and J.C. Davis. X-ray interactions: photoabsorption, scatter-
ing, transmission, and reflection at E = 50–30000 eV, Z = 1–92, Atomic Data and Nuclear
Data Tables 54, 181–342 (1993).

[2] http://henke.lbl.gov/optical_constants/http://henke.lbl.gov/optical_constants/
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Ultra-broadband Synchrotron Infrared
Nano-spectroscopy ∗∗

Michael C. Martin,1 Hans A. Bechtel,1 Eric A. Muller,2 Robert L. Olmon,2
and Markus Raschke2

mcmartin@lbl.govmcmartin@lbl.gov

1Advanced Light Source, Lawrence Berkeley National Laboratory
2University of Colorado at Boulder

Characterizing and ultimately controlling the heterogeneity underlying
quantum behavior of complex matter, photonic materials, or catalysis requires
large scale, spectroscopic imaging with simultaneous specificity to structure,
phase, and chemical composition at nanometer spatial resolution. However,
as with any ultrahigh spatial resolution microscopy technique, the associated
demand for an increase in both spatial and spectral bandwidth often leads to a
decrease in desired sensitivity. We overcome this limitation in infrared vibra-
tional scattering-scanning probe nearfield optical microscopy (s-SNOM) using
synchrotron midinfrared radiation. Tip-enhanced localized light-matter inter-
action is induced by low-noise, broadband, and spatially coherent synchrotron
light of high spectral irradiance, and the nearfield signal is sensitively detected
using heterodyne interferometric amplification. We achieve sub-40 nm spa-
tially resolved, molecular and phonon vibrational spectroscopic imaging, with
rapid spectral acquisition, spanning the full mid-infrared (700–5000 cm−1)
with few cm−1 spectral resolution. We demonstrate the performance of syn-
chrotron infrared nanospectroscopy (SINS) on boron nitride, semiconductor,
biomineral, and protein nanostructures, providing vibrational chemical imag-
ing with subzeptomole sensitivity. With a spatial resolution 100-1000 times
better than conventional FTIR microscopy, SINS enables the investigation of
nanoscale phenomena in both hard- and soft-matter systems.

∗The Advanced Light Source is supported by the Director, Office of Science, Office of
Basic Energy Sciences, of the U.S. Department of Energy under Contract No. DE-AC02-
05CH11231.
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Charge density waves in underdoped YBCO
E. Blackburn

e.blackburn@bham.ac.uke.blackburn@bham.ac.uk

University of Birmingham

The notion of competing order is central to many theories of uncon-
ventional superconductivity, where superconductivity emerges on tuning be-
tween phases governed by much larger energy scales. An example of this
is the widely-discussed “stripe order” observed in some HTSs and related
compounds [11]. Recently, charge density waves (CDWs), as sampled by a
range of different probes, [22–77] have been shown to be a widespread com-
petitor to superconductivity in YBCO and other high-Tc materials. These
CDWs appear to originate in the CuO2 planes, but also affect the lattice
dynamics [88–1010]. This talk will discuss these observations, their relationship
with other experimental probes, and will report on new investigations by
both elastic and inelastic X-ray techniques of the energy-, wavevector- and
temperature-dependences.

[1] S.A. Kivelson et al., Rev. Mod. Phys. 75, 1201 (2003).
[2] J. Chang et al., Nature Physics 8, 871–876 (2012).
[3] E. Blackburn et al., Phys. Rev. Lett. 110, 137004 (2013).
[4] G. Ghiringhelli et al., Science 337, 821 (2012).
[5] A. Achkar et al., Phys. Rev. Lett. 109, 167001 (2012).
[6] S. Blanco-Canosa et al., Phys. Rev. Lett. 110, 187001 (2013).
[7] T. Wu et al., Nature 477, 191–194 (2011).
[8] E. Blackburn et al., Phys. Rev. B 88, 054506 (2013).
[9] M. Le Tacon et al., Nature Physics 10, 52 (2013).

[10] M. Bakr et al., Phys. Rev. B 88, 214517 (2013).
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Competing orders in underdoped cuprates
M. Le Tacon

m.letacon@fkf.mpg.dem.letacon@fkf.mpg.de

Max-Planck-Institut für Festkörperforschung

I will present an overview of recent results obtained in high temperature
superconducting cuprates obtained by various photon scattering experiments.
The greatly enhanced sensitivity of resonant x-ray scattering to the valence
electron system led us to the discovery of a fluctuating charge density wave
(CDW) competing with the superconducting order at low doping levels [11–33].
Direct evidences for CDW were also observed using inelastic scattering of vis-
ible light (Raman scattering) [44]. Trying to get more insights about the mech-
anism leading to the CDW formation, we have used high resolution inelastic
x-ray scattering to study low energy phonons with wavevectors near the CDW
ordering vector. We found that they exhibit large superconductivity induced
lineshape renormalizations, attributed to strongly anisotropic electron-phonon
interaction [55]. This provides important insights regarding the long-standing
debate of the role of this interaction, which is a major factor influencing the
competition between collective instabilities in correlated-electron materials.
Finally, combination of resonant scattering studies on Bi-based compounds
with surface sensitive techniques (ARPES and STM) allow us to locate, in
the reciprocal space, the electron involved in the CDW phenomena. These
studies suggest that the CDW might be driven by a nesting of the tip of the
Fermi arcs [55,66].

[1] G. Ghiringhelli et al., Science 337, 821 (2012).
[2] A. J. Achkar et al., Phys. Rev. Lett. 109, 167001 (2012).
[3] S. Blanco-Canosa et al., Phys. Rev. Lett. 110, 187001 (2013).
[4] M. Bakr et al., Phys. Rev. B 88, 214517 (2013).
[5] M. Le Tacon et al., Nature Physics 10, 52 (2014).
[6] R. Comin et al., Science 343, 390 (2014).
[7] E. da Silva Neto et al., Science 343, 393 (2014).

54

m.letacon@fkf.mpg.de


Tuesday – Cuprates CDWCuprates CDW ProgramProgram Author ListAuthor List 18:10-18:35

Fermi surface reconstruction by charge order in
underdoped copper oxides

C. Proust
cyril.proust@lncmi.cnrs.frcyril.proust@lncmi.cnrs.fr

Laboratoire National des Champs Magnétiques Intenses, Toulouse, France

25 years after the discovery of high temperature cuprate superconductors,
the observation of quantum oscillations [11] has deeply changed the theoret-
ical landscape relevant to these materials. The measurements of quantum
oscillations on both sides of the phase diagram of cuprates show that the
Fermi surface has suffered a drastic modification on the underdoped side. In-
deed, the small Fermi pocket inferred from quantum oscillations combined
with the negative Hall and Seebeck coefficients pointing to an electron pocket
show that the Fermi surface of underdoped YBa2Cu3Oy undergoes a recon-
struction because the translational symmetry of its lattice is broken at low
temperature.

In underdoped YBa2Cu3Oy, many studies such as NMR measurements [22],
x-ray scattering [33, 44] point to a reconstruction of the Fermi surface due to
charge order. After providing the context for charge order in underdoped
cuprates, I will present transport and ultrasonic measurements in magnetic
fields large enough to suppress superconductivity at low temperature in un-
derdoped YBa2Cu3Oy and HgBa2CuO4+δ. These results point to an universal
Fermi surface reconstruction at a critical doping in underdoped cuprates. I’ll
also discuss Fermi surface reconstruction scenarios with the aim to provide
information on the Fermi surface in the pseudogap phase.

[1] N. Doiron-Leyraud et al, Nature 447, 565 (2007)
[2] T. Wu et al, Nature 477, 191 (2011)
[3] G. Ghiringhelli et al , Science 337, 821 (2012)
[4] J. Chang et al, Nature Physics 8, 871 (2012)
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Charge Order, Fermi-Arc Instability, and d-wave
bond order in underdoped cuprates

R. Comin,1 J. E. Hoffman,2 G. A. Sawatzky,1 B. Keimer,3 and A.
Damascelli1

bourba85@gmail.combourba85@gmail.com

1University of British Columbia
2Harvard University

3Max Planck Institute, Stuttgart

The phase diagram of cuprates features a rich diversity of exotic elec-
tronic states characterized by broken symmetries which induce correspond-
ing orders: antiferromagnetism (AFM), pseudogap (PG), charge-density-wave
(CDW). Recent experiments in YBCO have revamped the debate around
the importance and universality of a charge-ordered electronic ground state
emerging in the normal phase above the critical temperature Tc. In our
work [11, 22], we investigated the origin and characteristics of charge-ordered
states in single- (Bi2201) and bi-layer (YBCO) compounds, using a suite of
complementary real- and momentum-space, and surface and bulk probes – res-
onant X-ray scattering (REXS), scanning-tunnelling microscopy (STM), and
angle-resolved photoemission spectroscopy (ARPES). By bringing together
these techniques, we identify the connection between charge order and the
Fermi arcs to occur via the hot spots, and detect an onset of charge mod-
ulations right below T ∗ – thus pointing to an intimate relationship between
the coexisting CDW and PG orders [11]. In addition, we have also explored
the local symmetry of charge modulations, and reveal it to correspond to a
d-wave bond order [22]. This discovery implies that the same mechanism which
drives particle-particle pairing is also active in the particle-hole channel, and
is suggestive that the CDW and SC instabilities originate from the very same
attractive interactions.

[1] R. Comin et al., Science 343, 390 (2014).
[2] R. Comin et al., submitted (2014).
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Visualizing (Electronic) Dragons
J.C. Séamus Davis
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St. Andrews University

High-Tc superconductivity is found in strongly correlated (repulsive electron-
electron interaction) systems exhibiting antiferromagnetic ‘parent’ states. Ex-
amples include the copper-based, iron-based and heavy-fermion supercon-
ductors. However, the terra incognita between the superconductivity the
antiferromagnetic phase often harbors very exotic states whose identifica-
tion/explanation has proven extremely challenging. Motivation for the in-
troduction of atomically resolved spectroscopic imaging STM [RSI 70, 1459
(1998)] came from my desire to directly visualize these electronic dragons.
I will discuss the history of this technique and explain how it was used to
first reveal the cuprate Q 6= 0 density wave [Science 266,455 (2002)] along
with its detailed microscopic structure [Science 315, 1380 (2007)], the cuprate
Q = 0 intra-unit-cell nematic state [Nature 466, 374 (2010)] and its intimate
relation the Q 6= 0 density wave [K. Fujita et al., Science (2014)], and the
pnictide Q = 0 nematic state [Science 327, 181 (2010)]. Time permitting; I
will discuss a model conceptual framework within which to understand the
relationship between AF electron–electron interactions, these exotic states,
and the correlated SC [PNAS 110, 17623 (2013)].
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Nano-plasmonic phenomena in graphene
D.N. Basov
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UCSD

The term “plasmonics” often carries an applied connotation owing to re-
markable successes in controlling and manipulating light at the nanoscale
in artificial structures. Infrared nano-spectroscopy and nano-imaging exper-
iments on graphene carried out in our group [Nano Letters 11, 4701 (2011),
Nature Nano 8, 821 (2013)] have uncovered a rich variety of plasmonic effects
that may enable functionalities not attainable through metal-based plasmon-
ics. Applications aside, the nano-scale exploration of surface plasmons has
offered an entirely new perspective on fundamental physics behind electronic
phenomena in graphene. For example, by interferometric infrared imaging
of plasmonic standing waves we were able to quantify the electronic losses in
graphene. This latter result highlights the important role of many body effects
[Nature 487, 82 (2012)] that were not anticipated theoretically. By examining
the sub picosecond dynamics of plasmons in a setting of a unique pump-probe
nano-spectroscopy apparatus we were able to discriminate between the roles of
several photo-induced processes in mono-layer and few layer graphene [Nano
Letters 14, 894 (2014)]. Unexpectedly, infrared photo-excitation enables ultra-
fast control of plasmons with the efficiency rivaling that of electrostatic gat-
ing. Confined surface waves that can travel over macroscopic distances are
generic to other classes of two-dimensional atomic crystals [Science 343, 1125
(2014)].

58

dbasov@ucsd.edu


Wednesday – GrapheneGraphene ProgramProgram Author ListAuthor List 9:25-9:50

From dia- to paramagnetic orbital susceptibility of
Dirac cones

A. Raoux1, M. Morigi1, J.N. Fuchs2,1, F. Piéchon1, G. Montambaux1

fuchs@lptmc.jussieu.frfuchs@lptmc.jussieu.fr

1 LPS, CNRS and Univ. Paris-Sud, Orsay
2 LPTMC, CNRS and UPMC, Paris

We study the orbital susceptibility of multiband systems with a pair of
Dirac points interpolating between honeycomb and dice lattices. Despite
having the same zero-field energy spectrum, these different systems exhibit
spectacular differences in their orbital magnetic response, ranging from dia-
to paramagnetism at Dirac points. We show that this striking behavior is
related to a topological Berry phase varying continuously from π (graphene)
to 0 (dice). The latter strongly constrains interband effects, resulting in an
unusual dependence of the magnetic response also at finite doping.
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Massless fermions in 2D and 3D: infrared
magneto-spectroscopy studies

M. Orlita
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Laboratoire National des Champs Magnétiques Intenses - Grenoble, CNRS, France

Solid-state physics and quantum electrodynamics, with its relativistic (mass-
less) particles, meet to their mutual benefit in steadily expanding class of
materials. Those include, 1D carbon nanotubes, 2D graphene or topological-
insulator surfaces, and, most recently, the systems with an isotropic conical
dispersion in 3D - with Weyl, Dirac or Kane fermions. In this talk, I will re-
view how the linear dispersion impacts the basic (magneto-) optical properties
of these systems.

To illustrate this, we focus on two representative materials: a 2D graphene
and bulk HgCdTe which displays the 3D conical dispersion when tuned to the
point of the semiconductor-to-semimetal topological transition. We demon-
strate that it is the number of dimensions, which defines the (joint) density of
states, and in consequence, the simple physical quantities such as absorption
of light - dispersionless in graphene but displaying a linear-in-photon-energy
dependence in HgCdTe.

In magnetic fields, the conical dispersion is transformed into Landau lev-
els (LLs) and the optical response is determined by electronic excitations
between discrete (in 2D) or dispersed (in 3D) LLs, both, however, with a
typical for relativistic particles, square root dependence on the magnetic-
field. Further relativistic effects may appear, depending on the strength of
spin-orbit coupling. Spin-related effects are rather absent in the optical re-
sponse of graphene which exhibits a weak spin-orbit coupling. Instead, we
observe a pronounced spin splitting of LLs in HgCdTe, which follows the

√
B-

dependence – a well-established signature of relativistic particles, but never
observed in any condensed-matter system up to now.
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Fano resonances in hyperkagome iridates
D. Pröpper,1 A.N. Yaresko,1 T. Larkin,1 T.N. Stanislavchuk,2 A.A. Sirenko,2 T.

Takayama,1,3 A. Matsumoto,1,3 H. Takagi,1,3 B. Keimer,1 and A.V. Boris1

A.Boris@fkf.mpg.deA.Boris@fkf.mpg.de
1Max-Planck-Institut für Festkörperforschung, HeisenbergStr 1, D-70569 Stuttgart,

Germany
2Dept. of Physics, New Jersey Institute of Technology, Newark, NJ 07102, USA

3Dept. of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan
Iridates exhibit enhanced spin-orbit coupling and their 5d electrons have

reduced on-site Coulomb repulsion, compared to 3d-electron systems, giving
rise to novel electronic phases, including relativistic Mott insulators with an-
tiferromagnetic and spin liquid ground states, for geometrically unfrustrated
and frustrated lattices, respectively. Geometrical frustration and spin-orbit
interaction imply a strong spin-lattice coupling in a sublattice of Ir ions, but
the effects of electron-phonon interactions have not been explored in the sys-
tem.

One of the most striking manifestations of the electron-phonon interaction
is the quantum interference between discrete phonons and the continuum of
electron-hole excitations. Drawing on a spectroscopic ellipsometry study, we
report evidence that conditions favorable for Fano interference are met in
the three-dimensional hypekagome lattice of Na3Ir3O8 [11], the semimetallic
counterpart of Mott-insulating Na4Ir3O8, one of the best candidates for a
three-dimensional (3D) spin-liquid state [22]. The entire set of well-defined
phonon modes in the ellipsometric IR spectra of Na3Ir3O8 single crystals
exhibit highly asymmetric line shapes characteristic of Fano resonances. With
decreasing temperature, we observe a sharp increase of the infrared intensity of
the resonances followed by concomitant changes in the underlying electronic
background, formed by electronic transitions between Ir 5d t2g bands of a
mostly Jeff = 1/2 character. Because of the lack of inversion symmetry the
four Jeff = 1/2 bands have linear Rashba-type dispersion in the vicinity of
the Gamma point. These bands originate from strong spin-orbit coupling and
intersect near the Fermi level, resembling the Dirac cone in graphene. An
analysis of the dipole matrix elements has shown that interband transitions
between these partially filled bands have a high probability. This provides
high density of electron-hole excitations which interfere with superimposed
discrete phonon states, in a similar manner as discussed for graphene.
[1] Y. Okamoto et al., Phys. Rev. Lett., 99, 137207 (2007)
[2] D. Pröpper et al., Phys. Rev. Lett., 112, 087401 (2014)
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Strong Plasmon Reflection at Nanometer Gaps in
Graphene
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6Department Physik, Universitat Erlangen-Nurnberg, 91058 Erlangen, Germany

7Institut fur Physik - Technische Physik, Technische Universita?t Chemnitz, 09126
Chemnitz, Germany
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Graphene plasmons attract much attention as they exhibit a remarkable
electrostatic tunability and the ability to strongly concentrate electromagnetic
energy, potentially useful for applications. We used tip-enhanced infrared
near-field microscopy (s-SNOM) to study propagating plasmons in epitaxial
quasi-free-standing monolayer graphene on silicon carbide. We observe that
plasmons are strongly reflected at tiny graphene gaps formed at the steps
between the atomically flat substrate terraces. For the step height of only 1.5
nm, which is two orders of magnitude smaller than the plasmon wavelength,
the plasmon reflection reaches 20 percent, and it approaches 0.5 for steps of
5 nm. We support this observation with numerical simulations and provide
physical rationale for this intriguing phenomenon. Our results suggest that
in general plasmon propagation can be controlled using ultracompact nanos-
tructures.

[1] J. Chen et al. Nano Letters 13, 6210 (2013)
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Fermi liquid behaviour in strongly correlated
metals ∗∗

D. Stricker,1 J. Mravlje,2 C. Berthod,1 R. Fittipaldi,3 A. Vecchione,3 A.
Georges,4,1 and D. van der Marel,1

dirk.vandermarel@unige.chdirk.vandermarel@unige.ch

1Université de Genève
2Jožef Stefan Institute
3Universita di Salerno

4Collège de France

A reference point for research on a wider range of correlated behaviour
is provided by the so-called Fermi-liquids, characterized by a relaxation rate
1/τ ∝ ω2 + (pπkBT )2. The theoretical prediction for the relaxation rate
appearing in the optical conductivity is p = 2 when considering the exper-
imentally most accessible range ω > 2πkBT . A number of recent optical
studies have addressed the issue of Fermi-liquid characteristics, reporting in-
deed ω2 and T 2 for the optical scattering rate of a number different materials.
However, a perfect match to the prediction p = 2 has not been observed.
One possible scenario that has been proposed to explain this discrepancy is
the presence of magnetic impurities. In a recent study we have investigated
Sr2RuO4, a material which can be synthesized in very pure form, with well es-
tablished T 2 resistivity below 25 K. Here we observe a perfect scaling collapse
of 1/τ as a function of ω2 + (pπkBT )2 for with ω < 36 meV, and temperature
below 40 K, with p = 2. We also observe features in the spectrum at higher
energy, which are manifestly beyond the Fermi-liquid model. The sign and
size of these features agree quantitatively with the notion of resilient quasi-
particles predicted by dynamical mean field theoretical calculations for this
compound.

∗This work was supported by the Swiss National Science Foundation (SNSF) through
grants 200020-140761 and 200021-146586, by the Slovenian research agency program P1-
0044, by FP7/2007-2013 through grant 264098-MAMA, and by the ERC through grant
319-286 (QMAC). Computing time was provided by IDRIS-GENCI and the Swiss CSCS
under project S404.
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Fermi liquids and beyond: non-Drude universal
scaling and optical signatures of resilient

quasiparticles ∗∗

Antoine Georges
antoine.georges@polytechnique.eduantoine.georges@polytechnique.edu

College de France, Paris
(also at: CPHT-Ecole Polytechnique, and DPMC-University of Geneva)

∗Based on:X.Deng et al. Phys Rev Lett 100, 086401 (2013); C. Berthod et al. Phys Rev
B 87, 115109 (2013); D. Stricker et al. arXiv:1403.5445
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Power-Law Behavior of Optical Conductivity
Observed in Strongly-Correlated Organic

Conductors
Martin Dressel

Physikalisches Institut, Universität Stuttgart, Germany
dressel@pi1.physik.uni-stuttgart.dedressel@pi1.physik.uni-stuttgart.de

Organic charge-transfer salts are highly conducting one- or two-dimensional
electron systems which exhibit unusual physical behavior due to significant
electron-electron interactions. The best known example are the one-dimensional
metals of the TMTSF family which show significant deviations from a Drude
metal and been established as the model compound of a Luttinger-liquid. The
optical properties provide insight into the dynamics of the correlated electrons
and energy dependence of the interactions. In two-dimensional metallic k-
(BEDT-TTF) salts the effective Coulomb repulsion can be tuned be pressure
until the Mott-insulating state is reached. With increasing correlations, the
Fermi-liquid behavior becomes more pronounced, the effective mass grows
and the prefactor in temperature- and frequency dependent scattering rate
increases. The ratio between the temperature and frequency dependent con-
tributions corresponds to Landau’s predictions of a Fermi liquid. On the
insulating side of the Mott transition, frustration on the triangular lattice
causes a spin-liquid behavior with no magnetic order down to lowest tem-
peratures. The optical conductivity of k-(BEDT-TTF)2Cu2(CN)3 reveals a
large in-gap absorption where the excess conductivity exhibits a power-law
behavior σ(ω) = ωn that grows stronger as the temperature decreases. With
n ∼ 0.8 to 1.5, the exponent is significantly smaller than predicted for spinon
contributions to the optical conductivity.

[1] M. Dressel et al., Phys. Rev. Lett. 77, 398 (1996); A. Schwartz et al., Phys. Rev. B 58,
1261 (1998).

[2] J. Merino et al., Phys. Rev. Lett. 100, 086404 (2008); M. Dumm et al., Phys. Rev. B 79,
195106 (2009).

[3] S. Yasin et al., Eur. Phys. J. B 79, 383 (2011).
[4] M. Dressel, J. Phys.: Condens. Mat. 23, 293201 (2011).
[5] S. Elsässer et al. Phys. Rev. B 86, 155150 (2012).
[6] T.-K. Ng and P. A. Lee, Phys. Rev. Lett. 99, 156402 (2007).
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THz properties of CaRuO3: can we reconcile
non-Fermi-liquid optics with Fermi-liquid concepts?

M. Scheffler1, D. Geiger1, U. S. Pracht1, M. Dressel1, J. Mravlje2, M.
Schneider3, P. Gegenwart3

scheffl@pi1.physik.uni-stuttgart.descheffl@pi1.physik.uni-stuttgart.de

11. Physikalisches Institut, Universität Stuttgart, Germany
2Josef Stefan Institute, Ljubljana, Slovenia

3I. Physikalisches Institut, Georg-August-Universität Göttingen, Germany

Landau Fermi liquid (FL) theory is the established framework to describe
the many-particle system of electrons in metals within a single-particle pic-
ture. In particular, the existence of well-defined Landau quasiparticles is
taken as hallmark that renders a metal a Fermi liquid. While experiments
have verified FL predictions for many different physical quantities, the situ-
ation for the optical properties of a FL remains under debate. Furthermore,
it is not clear how optical properties of metals that contradict FL predictions
and that are often phenomenologically termed non-FL optics should be in-
terpreted or analyzed quantitatively. CaRuO3 has long been established as a
non-FL metal in a wide temperature range, including non-FL optical proper-
ties [11, 22], but with recent improvements in the growth of CaRuO3 thin films
using metalorganic aerosol deposition we could document a FL ground state
for CaRuO3 by observation of Shubnikov-de Haas oscillations and a quadratic
temperature dependence of the dc resistivity below 1.5 K [33]. Metallic thin
films allow optical measurements at frequencies well below the conventional
infrared range, and this low-frequency range is particularly suitable to ad-
dress optical FL and non-FL properties, which are usually confined to low
energies both in temperature and frequency. Here we present the results of
phase-sensitive THz transmission measurements on high-quality thin films of
CaRuO3 at frequencies 0.2 - 1.4 THz and temperatures 2 - 300 K [33]. When
cooled below 100 K, the optical scattering rate of our CaRuO3 films moves
into our spectral range, and we can observe the charge dynamics. Below 40 K,
the metallic response clearly develops a frequency-dependent scattering rate,
i.e. cannot be described in simple Drude terms. In particular, we find a pro-
nounced increase of the scattering rate for frequencies above 0.6 THz, and this
increase is much stronger than predicted in the context of FL theory. How-
ever, the temperature-dependent response below 0.6 THz, which exhibits only
weak deviations from Drude behavior, can be described within FL concepts as
recently suggested by Berthod et al. [44]. We discuss how the optical response
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of CaRuO3 in the non-FL temperature range fits into the present discussion
of FL optics, and how future studies on CaRuO3 at even lower temperatures
or in magnetic field could further elucidate the situation.

[1] Y. S. Lee et al., Phys. Rev. B 66, 041104 (2002).
[2] S. Kamal et al., Phys. Rev. B 74, 165115 (2006).
[3] M. Schneider et al., arXiv:1312.3809 [cond-mat.str-el].
[4] C. Berthod et al., Phys. Rev. B 87 115109 (2013).
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Chiral density wave of the ‘hidden order’ phase in
URu2Si2 ∗∗

H.-H. Kung1, R.E. Baumbach2, E.D. Bauer2, K. Haule1, J. A. Mydosh3 and
G. Blumberg1

girsh@physics.rutgers.edugirsh@physics.rutgers.edu

1Department of Physics and Astronomy, Rutgers University, Piscataway, New
Jersey 08854, USA

2Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
3Kamerlingh Onnes Laboratory, Leiden University, 2300 RA Leiden, The

Netherlands

A second-order phase transition is associated with emergence of an “or-
der parameter” and a spontaneous symmetry breaking. For the “hidden or-
der” phase below 17.5 K in the heavy fermion superconductor URu2Si2, the
symmetry of the order parameter and its associated collective modes has re-
mained ambiguous despite 30 years of research. Here we use polarization
resolved Raman spectroscopy to specify the symmetry of low energy excita-
tions above and below the hidden order transition. These excitations involve
transitions between interacting heavy uranium 5f orbitals, responsible for the
broken symmetry in the "hidden order" phase. From the symmetry analysis of
the collective mode, we determine that the hidden order parameter breaks lo-
cal vertical and diagonal reflection symmetries at the uranium sites, resulting
in crystal field states with distinct chiral properties, which order to a chiral
density wave.

∗G.B. acknowledges support from the US Department of Energy, Office of BES, Division
of Materials Sciences and Engineering under Award DE-SC0005463. H.-H.K. acknowledges
support from the NSF under Award NSF DMR-1104884. K.H. acknowledges support by
NSF Career DMR-0746395. Work at Los Alamos National Laboratory was performed under
the auspices of the US Department of Energy, Office of BES, Division of Materials Sciences
and Engineering.
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Composite and Topological Order in Heavy
Fermion Materials ∗∗

Piers Coleman, Onur Erten and Aline Ramires
coleman@physics.rutgers.educoleman@physics.rutgers.edu

Center for Materials Theory, Dept of Physics and Astronomy, Rutgers University,
USA

Heavy Electron materials provide a low energy realization of many of the
emergent properties of correlated electron systems, providing a readily tune-
able research test-bed for research into correlated electron materials. In this
talk I shall talk about two aspects of these materials that are ripe for new
spectroscopic study: topological order and composite pairing.

Topological order appears to be present in some of the Kondo insulators,
such as SmB6 and high pressure SmS, but it may also be present in the
quantum critical material YbAlB4 and could even be present in fully gapped
scenarios of composite paired heavy electron superconductivity, such as in Yb
doped CeCoIn5. I shall review these three possibilities and discuss ways in
which STM, optical and ARPES spectroscopy may be able to shed new light
on our understanding.

∗Work supported by NSF grant DMR-1309929 and DOE grant DE-FG02- 99ER45790.
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The normal state of URu2Si2: spectroscopic
evidence for an anomalous Fermi liquid.∗∗∗

Thomas Timusk
timusk@mcmaster.catimusk@mcmaster.ca

McMaster University, Canadian Institute for Advanced Research

The Landau Fermi liquid, is recognized experimentally by an electrical re-
sistivity 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. Calculations show that, if electron-electron scattering dominates
the electron lifetime, in a Landau Fermi liquid, ρ(T, ω) = A′(ω2 + bπ2T 2)
where b = 4. Using an optical technique that minimizes interference artifacts,
we find the coefficient b = 1.0± 0.1 in the normal state of the heavy Fermion
metal URu2Si2. This unexpected result implies that the electrons are experi-
encing 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. Calcu-
lations by Maslov and Chubukov [11] 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 6= 4 have been observed
in a number of disparate systems but the significance of this result has not
been widely recognized.

[1] D.L. Maslov and A.V. Chubukov, Physical Review B 86, 155137 (2012).

∗Work done in collaboration with U. Nagel,T. Uleksin, T. Rõõm, R.P.S.M. Lobo, P.
Lejay, C.C. Homes, J. Hall, A.W. Kinross, S. Purdy, T.J.S. Munsie, T.J. Williams, G.M.
Luke.
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Optical conductivity of Fermi-liquid and
non-Fermi-liquid metals ∗∗

Dmitrii L. Maslov
maslov@phys.ufl.edumaslov@phys.ufl.edu

University of Florida

In the first part of the talk, I will discuss the robustness of the Fermi-liquid
(FL) theory results for the imaginary part of the single-particle self–energy,
ImΣ ∼ ω2 + π2T 2, and for the real part of the (inverse) optical conductivity,
Reσ−1 ∼ ω2 + bπ2T 2 with b = 4. I will show that these scaling forms follow
from exact analytic properties in the complex plane (the “first-Matsubara-
frequency rules”), and also that the result for the optical conductivity is valid
to any order in the electron-electron interaction and with all vertex corrections
taken into account [11, 22]. However, optical measurements on a number of
strongly correlated metals indicate that the scaling form of Reσ−1 differs from
the FL prediction: the coefficient b is closer to 1 than to 4. We propose a
phenomenological model in which electrons, in addition to inelastic electron-
electron interaction, are also scattered elastically by resonant levels. This
model explains the data on URu2Si2 [33]. In the second part of the talk, I will
discuss the optical conductivity of a 2D metal at the onset of the spin-density-
wave instability [44]. It will be shown that composite scattering of “lukewarm
fermions” results in a non-FL behavior of Reσ, which scales as ω−1/3 and ω−1

below and above some characteristic frequency, correspondingly.

[1] A. V. Chubukov and D. L. Maslov, Phys. Rev. B 86, 155137 (2012).
[2] D. L. Maslov and A. V. Chubukov, Phys. Rev. B 86, 155136 (2012).
[3] U. Nagel et al., Proc. Nat. Acad. Sci. 109, 19161 (2012).
[4] A. V. Chubukov, D. L. Maslov, and V. I. Yudson, PRB (in press); arXiv:1401.1461.

∗In collaboration with A. V. Chubukov and V. I. Yudson.

71

maslov@phys.ufl.edu


Thurday – Top. Insulators IITop. Insulators II ProgramProgram Author ListAuthor List 11:10-11:35

Nanoscale Band Structure Imaging of Topological
Materials: Sb and SmB6
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1Dept. of Physics, Harvard University
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We use STM to study the topological semimetal Sb(111), and report the
first simultaneous observation and quantitative reconciliation of Landau level
spectroscopy and quasiparticle interference imaging. We thus establish the
technique of band structure tunneling microscopy (BSTM), and use it to
reconstruct the multi-component surface states band structure of Sb with
nanoscale spatial resolution, and to quantify essential metrics for spintronics
applications. We also conduct the first atomic resolution spectroscopic study
of the proposed topological Kondo insulator SmB6. We disentangle the tunnel-
ing interference between two distinct bands, to reveal a robust hybridization
gap which universally spans the Fermi level on four distinct surface mor-
phologies, paving the way for more detailed understanding of the purported
topological surface states.

∗The work at Harvard was supported by NSF-DMR-1106023. The work at UC Irvine
was supported by NSF-DMR-0801253 and UC Irvine CORCL Grant MIIG-2011-12-8.
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Giant spin splitting in inversion-symmetry broken
semiconductors

Kyoko Ishizaka
ishizaka@ap.t.u-tokyo.ac.jpishizaka@ap.t.u-tokyo.ac.jp

Department of Applied Physics, University of Tokyo

There has been increasing interest in emerging phenomena from relativis-
tic electrons in a solid, which gives a potential impact on spintronics and
magnetoelectrics. One such example is the Rashba and/or Dreselhaus effect
that lifts the electron-spin degeneracy as a consequence of spin-orbit interac-
tion (SOI) under the broken inversion-symmetry. A high-energy scale spin-
splitting is highly desirable for enhancing the coupling between electron-spins
and electricity relevant for spintronic functions. In my talk, I will present the
findings of huge SOI effects in several inversion-symmetry broken semicon-
ductors. One is a polar semiconductor composed of heavy elements, BiTeI,
where the whole bulk carriers are ruled by big Rashba-like spin-splitting. The
band splitting and its spin polarization obtained by spin- and angle-resolved
photoemission spectroscopy are well in accord with relativistic first-principles
calculations, confirming the spin-splitting indeed derived from bulk atomic
configurations. At the same time, the emergence of a strongly spin-orbit
coupled 2-dimensional (2D) electron gas is also found in BiTeI, BiTeBr, and
BiTeCl, arising from the 2D confinement of conduction electrons due to the
surface band bending effect. I will also show the recent result on another
inversion-symmetry broken semiconductor, transition metal dichalcogenide
MoS2, clearly indicating the nearly full spin polarization of valence band elec-
trons at the Brillouin zone corners.
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Coexistence of Massless and Massive Dirac
Fermions in Topological Crystalline Insulators

Yoshinori Okada,1,2 Ilija Zeljkovic,1 Maksym Serbyn,3 Hsin Lin,4, Daniel
Walkup,1 Wenwen Zhou,1 Chetan Dhital,1 Madhab Neupane,5 Suyang Xu,5
Yung Jui Wang,4 R. Sankar,6 Fangcheng Chou,6 Arun Bansil,4 M. Zahid

Hasan,5 Stephen D. Wilson,1 Liang Fu,3 and Vidya Madhavan1

madhavan@bc.edumadhavan@bc.edu

1Boston College
2Tohoku University

3MIT
4Northeastern

5Princeton
6National Taiwan University

Topological crystalline insulators (TCIs) are recently discovered topologi-
cal materials [11,22] where topology and crystal symmetry intertwine to create
linearly dispersing Dirac surface states similar to graphene. Among the theo-
retical predictions for TCIs is the possibility of imparting mass to the massless
Dirac fermions by breaking crystal symmetry, as well as a Lifshitz transition
with a change of Fermi surface topology. In this talk I will discuss our recent
experimental and theoretical investigations of a TCI, Pb1−xSnxSe [33]. We
performed scanning tunneling microscopy (STM) studies at low temperatures
and as a function of magnetic field. By analyzing two types of STM data:
Fourier transforms of interference patterns and Landau level spectroscopy,
we reveal two distinct regimes of fermiology separated by a Van-Hove singu-
larity at the Lifshitz transition point. Our studies reveal the coexistence of
zero mass Dirac fermions protected by crystal symmetry with massive Dirac
fermions resulting from crystal symmetry breaking. In addition, I will discuss
our recent data on the evolution of the mass as well as the Dirac surface states
as we go through a quantum phase transition from the topological to trivial
regime.

[1] L. Fu, Topological Crystalline Insulators. Phys. Rev. Lett. 106, 106802 (2011).
[2] T. H. Hsieh et al., Topological crystalline insulators in the SnTe material class.

Nat.Commun. 3, 982 (2012).
[3] Y. Okada et al., Observation of Dirac node formation and mass acquisition in a topological

crystalline insulator, Science 341, 1496-1499 (2013)
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Time-resolved terahertz dynamics in thin films of
the topological insulator Bi2Se3

∗∗

R. Valdés Aguilar1,2, J. Qi2, M. Brahlek3, N. Bansal3, A. Azad2, J.
Bowlan2, S. Oh3, A.J. Taylor2, R.P. Prasankumar2, D.A. Yarotski2

rvaldes@physics.osu.edurvaldes@physics.osu.edu

1 Department of Physics, The Ohio State University
2 Center for Integrated Nanotechnologies, LANL

3 Department of Physics & Astronomy, Rutgers University.

We use optical pump–THz probe spectroscopy at low temperature to study
the hot carrier response on thin films of Bi2Se3 of several thicknesses to sep-
arate the bulk from the surface response. We find that for thinner films the
photo excitation changes the transport scattering rate and reduces the THz
conductivity, which relaxes within 10 picoseconds (ps). For thicker films, the
conductivity increases upon photo excitation and scales with the increase in
both the film thickness and optical fluence, with a decay time of approximately
5 ps, as well as a much larger scattering rate. The different dynamics between
surface and bulk electrons indicate a decoupling of surface and bulk carriers,
and present the possibility of accessing long-lived surface photo-carriers for
optoelectronic applications.

∗This work was supported by the Department of Energy, Office of Basic Energy Sciences,
Division of Material Sciences and by the University of California, Office of the President’s
joint UC/Laboratory program.
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Terahertz conductivity of Dirac-like materials ∗∗

Xingquan Zou,1 Jingzhi Shang,1 Jianing Leaw,1 Zhiqiang Luo,1 Liyan Luo,1
S. A. Cheong,1 Haibin Su,1 Jian-Xin Zhu,3 Yanpeng Liu,1 Kian Ping Loh,2

A. H. Castro Neto,2 Ting Yu,1 Chi Sin Tang,1 Bin Xia,1 Shi Chen,1
Hong-Wei Ou,2 Lan Wang,1 A. Rusydi,2 and Elbert E. M. Chia1
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1Nanyang Technological University
2National University of Singapore
3Los Alamos National Laboratory

I will discuss terahertz conductivity results of two Dirac-like materials us-
ing terahertz time-domain spectroscopy, as a function of temperature in the
frequency range 0.3 – 3 THz. In twisted bilayer graphene, on top of a Drude-
like response, we see a strong peak in the real conductivity σ1(ω) at ∼2.7
THz. We analyze the overall Drude-like response using a disorder-dependent
(unitary scattering) model, then attribute the peak at 2.7 THz to the presence
of van Hove singularities arising from a small-angle commensurate twisting
of the two graphene layers [11]. In the three-dimensional topological insu-
lator Bi1.5Sb0.5Te1.8Se1.2,the complex conductivity was analyzed using the
Drude-Lorentz model [22]. By calculating the Drude spectral weights of the
sample, we found, compared to other bismuth-based topological insulators,
that the topological surface states are more clearly discerned with the three-
dimensional bulk states being suppressed. An impurity band is present about
30 meV below the Fermi level. We compare the calculated surface and bulk
carrier densities with those obtained from transport data. From the surface
Drude contribution, we obtained a ∼98% transmission through one surface
layer — this is consistent with the transmission through single-layer or bilayer
graphene, which shares a common Dirac-cone feature in the band structure.
We also show that the temperature dependence of the experimental param-
eters is not the result of aging effects. The low-frequency real conductivity
follows a thermally-activated behavior.

[1] PRL 110, 067401 (2013)
[2] Sci. Rep. 3, 3513; DOI:10.1038/ srep03513 (2013)

∗(1) Singapore National Research Foundation Competitive Research Programme (2)
Singapore Ministry of Education Tier 1 & Tier 2 Grants (3) NNSA of the US DOE at
LANL (4) US DOE Office of Basic Energy Sciences
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Observation of Higgs Amplitude Mode in
Superconductors∗∗

Ryo Shimano,1,2
shimano@phys.s.u-tokyo.ac.jpshimano@phys.s.u-tokyo.ac.jp

1Cryogenic Center,The University of Tokyo
2The Department of Physics, The University of Tokyo

Superconductivity is a striking example of the spontaneous symmetry
breaking (SSB) phenomena. In general, when a phase transition occurs asso-
ciated with the SSB, two kinds of collective excitations emerge; the gapless
phase mode and the gapped amplitude mode of the complex order parameter.
The latter is also called as the Higgs mode from its analogy to the Higgs bosons
in elementary particle physics. The nature of the Higgs amplitude mode in
superconductors has been intensively studied theoretically in the framework
of a quench problem, according to which the Higgs amplitude mode can be
thought of as the collective Rabi oscillation of the Anderson’s pseudo-spins.
Within the mean-field approximation, a variety of collective mode dynam-
ics such as collision-less damping, power-law decay, persistent oscillation, has
been investigated. On the other hand, since the Higgs mode does not couple
directly to the electromagnetic field within the linear response, the experi-
mental investigation of the Higgs mode in superconductors has remained as
an open issue. In this presentation, we report on the observation of Higgs
amplitude mode in s-wave superconductors, Nb1−xTixN films, by using THz-
pump and THz-probe spectroscopy technique. In order to excite the Higgs
amplitude mode with suppressing the heating effect, we irradiated the sample
by an intense monocycle THz pulse whose center frequency was tuned to the
superconducting gap. When the excitation pulse width was short enough com-
pared to the inverse of superconducting gap energy, namely in a non-adiabatic
excitation regime, a damped oscillation was observed in the transmission of
the electric field of THz probe pulse as a function of pump-probe delay. The
oscillation frequency obtained from the damped-oscillation fits coincides with
the value of asymptotic BCS gap energy after the THz excitation, which be-
havior indicates the character of Higgs amplitude mode. When the excitation
pulse width is comparable to the inverse of superconducting gap energy, the
Higgs mode becomes less prominent, as the non-adiabatic excitation condition
is not satisfied. In the presentation, the dynamics of pseudo-spins arising from
the coherent interaction with the THz electric field will also be discussed.

∗This work is done in collaboration with R. Matsunaga, Y. I. Hamada, A. Sugioka, H.
Fujita, K. Makise, Y. Uzawa, H. Terai, Z. Wang, N. Tsuji, and H. Aoki.
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Strong-Field THz Study of Superconductivity in
the Time Domain ∗∗

G. L. Carr
carr@bnl.govcarr@bnl.gov

Brookhaven National Laboratory

We have developed a time-domain methodology for determining the THz
response of BCS superconductors [11]. The method, based on a finite difference
(FDTD) calculation of electromagnetic fields, includes a time-domain suscep-
tibility function valid for the superconducting state with T«Tc. We demon-
strate the method’s validity by comparing calculation results for the transmis-
sion and reflection properties of superconductors with their known frequency-
domain counterparts. We also calculate the E-field waveform observed exper-
imentally in a time-domain THz study of superconducting NbTiN.

Some of the advantages of the time-domain approach include calculating
instantaneous quantities such as the induced current density that, in turn,
affect other quantities. For example, it is known that a superconductor car-
rying a current has a reduced energy gap under equilibrium conditions, and
that equilibrium is established through inelastic electron scattering. We have
explored the limits on how fast this process can occur using a strong-field
THz pulse to disrupt the superconducting state of a NbN film and modeled
the behavior using our time-domain methodology. Comparison between the
two suggest that strong currents can destroy superconductivity on a 100 fs
time scale.

[1] Xiaoxiang Xi and G.L. Carr, Supercond. Sci. Technol. 26, 114001 (2013).

∗Research supported by the U.S. Dep’t of Energy under contract DE-AC02-98CH10886.
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Amplitude ’Higgs’ mode in 2H-NbSe2
Superconductor

M.-A. Méasson1, R. Grasset1, Y. Gallais1, M. Cazayous1, B. Clair2, P.
Rodière3, L. Cario4, A. Sacuto1

marie-aude.measson@univ-paris-diderot.frmarie-aude.measson@univ-paris-diderot.fr

1 Laboratoire Matériaux et Phénomènes Quantiques (UMR 7162 CNRS),
Université Paris Diderot-Paris 7, Bat. Condorcet, 75205 Paris Cedex 13, France.
2 Laboratoire Structure propriété et Modélisation des Solides (CNRS UMR 8580),

Ecole Centrale Paris, 92 295 Chatenay Malabry, France.
3 Institut Néel, CNRS-UJF, 25 Av. des Martyrs, 38042 Grenoble, France.

4 Institut des Materiaux Jean Rouxel (IMN), Universite de Nantes - CNRS, 2 rue
de la Houssiniere, BP 32229, 44322 Nantes Cedex 03, France.

When a spontaneous breaking of a continuous symmetry takes place, as
happens during a superconducting transition, collective excitations of the or-
der parameter emerge among which the massive amplitude Higgs mode. Here,
we report experimental evidences for the observation of the such supercon-
ducting (SC) amplitude mode, so-called ‘Higgs’ mode in the charge density
wave (CDW) superconductor 2H-NbSe2 using Raman scattering. By compar-
ing 2H-NbSe2 and its iso-structural partner 2H-NbS2 which shows supercon-
ductivity but lacks the charge density wave order, we demonstrate that the
superconducting mode in 2H-NbSe2 owes its spectral weight to the presence of
the coexisting charge density wave order. In addition temperature dependent
measurements at ambient pressure in 2H-NbSe2 show a full spectral weight
transfer from the charge density wave mode to the superconducting mode
upon entering the superconducting phase. Finally, thanks to the technical
development of a new set-up for electronic Raman scattering at low tempera-
ture (3 K) and high pressure (20 GPa), we show that when the charge density
wave order disappears (at 7GPa) the superconducting collective mode turns
into a pair breaking peak as observed in 2H-NbS2. All these observations are
consistent with a superconducting amplitude mode or Higgs mode. Moreover,
we have finely followed the CDW and the SC modes with pressure. Whereas
the CDW mode softens and enlarges until it collapses at ∼5 GPa, the SC
mode hardens and gains spectral weight up to 3.5 GPa before losing intensity
and softening up to 5 GPa. We will discuss these intriguing results in the
context of the quantum critical point theory.
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Spectroscopic signatures of phase and amplitude
modes in superconductors

Lara Benfatto
lara.benfatto@roma1.infn.itlara.benfatto@roma1.infn.it

ISC-CNR and Department of Physics
University of Rome “La Sapienza”, Piazzale Aldo Moro 5, 00185, Rome, Italy
The formation of a superconducting state leads to the appearance of two

collective modes associated with the amplitude and phase fluctuations of the
SC order parameter. A direct observation of these two modes is usually elu-
sive, since in a standard BCS superconductor they do not couple to the current
or density fluctuations, which are the ones probed by the different spectro-
scopic techniques. However, specific mechanisms able to break a fundamental
symmetry of the system can make these mode observable. Here we discuss two
paradigmatic cases suggested by recent experiments in conventional supercon-
ductors. The first example is the visibility of phase fluctuations in a strongly
disordered superconductor: we show that phase modes become optical active
in the presence of disorder, giving rise to additional optical absorption below
the gap edge [11], probed recent by microwave spectroscopy [22]. In particular,
we show that the optical response is tightly connected to the spontaneous
emergence of SC islands (embedded in a bad SC background) probed recently
by STM [33] in several conventional superconductor (as e.g. NbN, TiN, InOx)
near the superconductor-insulator transition. Indeed, isolated SC islands act
as micro-antennas via the accumulation of a finite phase gradient across their
edges [11, 44]. The second example in the visibility of the Higgs (amplitude)
mode in the Raman response of a SC state formed on top of a CDW state.
Indeed, the CDW state breaks the particle-hole symmetry leading to a finite
direct coupling between amplitude fluctuations of the SC order parameter
and density fluctuations, probed by Raman scattering [55]. Such a purely elec-
tronic mechanism can explain the emergence of an additional peak below Tc
in 2H-NbSe2, without assuming a direct coupling between the phonon and
the amplitude fluctuations. We finally comment on the consequences of all
these findings within the context of other SC systems, as SC interfaces and
cuprate superconductors.
[1] T. Cea, D. Bucheli, G. Seibold, L. Benfatto, J. Lorenzana, C. Castellani. arXiv:1401.3637.
[2] R.W. Crane, N.P. Armitage, A. Johansson, G. Sambandamurthy, D. Shahar, G. Gruner,

Phys. Rev. Lett. 75, 094506 (2007); E.F.C. Driessen, P.C.J.J. Coumou, R.R. Tromp, P.J.
de Visser, T.M. Klapwijk, Phys. Rev. Lett. 109, 107003 (2012); D. Sherman, B. Gor-
shunov, S. Poran, J. Jesudasan, P. Raychaudhuri, N. Trivedi, M. Dressel, A. Frydman,
arXiv:1304.7087.
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[3] M. Mondal, A. Kamlapure, M. Chand, G. Saraswat, S. Kumar, J. Jesudasan, L. Benfatto,
V. Tripathi, and P. Raychaudhuri, Phys. Rev. Lett. 106, 047001 (2011); B. Sacépé, T.
Dubouchet, C. Chapelier, M. Sanquer, M. Ovadia, D. Shahar, M. Feigel’man, and L. Ioffe,
Nature Phys. 7, 239 (2011); Y. Noat, T. Cren, C. Brun, F. Debontridder, V. Cherkez, K.
Ilin, M. Siegel, A. Semenov, H.-W. Hubers, D. Roditchev, Phys. Rev. B 88, 014503 (2013).

[4] G. Seibold, L. Benfatto, C. Castellani, J. Lorenzana, Phys. Rev. Lett. 108, 207004 (2012).
[5] T. Cea and L. Benfatto, preprint 2014.
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Coexistence and competition of multiple
charge-density-wave orders in RTe3 as revealed by

optical probes
B.F. Hu, R.Y. Chen, Y. Huang, T. Dong, and N.L. Wang

nlwang@aphy.iphy.ac.cnnlwang@aphy.iphy.ac.cn

Institute of Physics, Chinese Academy of Sciences, P.O.Box 603, Beijing, China

The rare-earth tri-telluride RTe3 (R = rare earth elements) is among the
most well-known and representative CDW compounds driven by the nesting
of Fermi surfaces. It is widely accepted that the compounds with light R
ions in the series experience a single CDW phase transition, while the four
heavy R ion compounds (R=Dy, Ho, Er, Tm) undergo two CDW transitions.
The second transition occurs at lower temperature with a nesting wave vec-
tor perpendicular to the first one. Moreover, the two CDW phase transition
temperatures involve in an opposite trend. Optical measurement on a heavy
R compound ErTe3 indeed revealed two CDW energy gaps [11] which matches
fairly well with the established results by other experimental probes. However,
optical measurements (including ultrafast pump-probe) on light and interme-
diate rare-earth compounds CeTe3 and TbTe3 revealed puzzling results: an
additional CDW energy gap still develops at low temperature [?], which is
at odds with other experimental measurements. Moreover, the gap values
for CeTe3 and TbTe3 do not follow the trend observed for the four heavy
rare-earth RTe3 compounds.

To resolve the puzzle, we grew single crystals of the whole series of the
rare-earth RTe3 and performed systematic optical spectroscopy studies on
all eleven different compounds, which unexpectedly reveals the presence of a
third CDW order which also evolves systematically in the series. The first
and third CDW orders cooperate with each other and show similar suppres-
sions with decreasing the radii of R ions (or increasing chemical pressure).
Meanwhile, both compete with the second CDW order by depleting the low
energy spectral weight. The energy gaps observed previously in CeTe3 and
TbTe3 at lower energies actually belong to this third CDW order (this order
had never been reported by any other probes before). On the basis of those
results, we established a complete electronic phase diagram for the multiple
CDW orders in RTe3 system [44]. The compounds offer a precious opportunity
to study the interplay among the multiple order of the same type.
[1] B. F. Hu et al. PRB 84, 155132 (2011);
[2] B. F. Hu et al. PRB 83, 155113 (2011);
[3] R. Y. Chen et al. PRB 89, 075114 (2014);
[4] B. F. Hu et al., unpublished.
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Snapshots of the retarded electronic interaction
with antiferromagnetic fluctuations in
high-temperature superconductors

S. Dal Conte,1 L. Vidmar,2,3 D. Golež,3 M. Mierzejewski,4 L. Chauviere,5 G.
Soavi,1 S. Peli,6,7 F. Banfi,6,8 G. Ferrini,6,8 R. Comin,5,9 B.M. Ludbrook,9
N.D. Zhigadlo,10 H. Eisaki,11 M. Greven,12 S. Lupi,13 A. Damascelli,5,9 D.

Brida,1,14 M. Capone,15 J. Bonča,3,16 G. Cerullo,1 C. Giannetti6,8
claudio.giannetti@unicatt.itclaudio.giannetti@unicatt.it

1IFN-CNR, Dipartimento di Fisica, Politecnico di Milano, 20133 Milano, Italy
2Department of Physics and Arnold Sommerfeld Center for Theoretical Physics,

Ludwig-Maximilians-Universität Munchen, D-80333 München, Germany
3J. Stefan Institute, 1000 Ljubljana, Slovenia

4Institute of Physics, University of Silesia, 40-007 Katowice, Poland
5Quantum Matter Institute, University of British Columbia, Vancouver, BC V6T

1Z4, Canada
6i-LAMP (Interdisciplinary Laboratories for Advanced Materials Physics),

Università Cattolica del Sacro Cuore, Brescia I-25121, Italy
7Department of Physics, Università degli Studi di Milano, Italy

8Department of Physics, Università Cattolica del Sacro Cuore, Brescia I-25121,
Italy

9Department of Physics and Astronomy, University of British Columbia,
Vancouver, BC V6T 1Z1, Canada

10Laboratory for Solid State Physics, ETH, 8093 Zürich, Switzerland
11Nanoelectronics Research Institute, National Institute of Advanced Industrial

Science and Technology, Tsukuba, Ibaraki 305-8568, Japan
12School of Physics and Astronomy, University of Minnesota, Minneapolis,

Minnesota 55455, USA
13CNR-IOM Dipartimento di Fisica, Università di Roma La Sapienza P.le Aldo

Moro 2, 00185 Rome, Italy
14Department of Physics and Center for Applied Photonics, University of

Konstanz, 78457 Konstanz, Germany
15CNR-IOM Democritos National Simulation Center and Scuola Internazionale
Superiore di Studi Avanzati (SISSA), Via Bonomea 265, 34136 Trieste, Italy

16Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana,
Slovenia

One of the pivotal questions in the physics of high-temperature super-
conductors is whether the low-energy dynamics of the charge carriers is me-
diated by bosons with a characteristic timescale. This issue has remained
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elusive since electronic correlations are expected to dramatically speed up the
electron-boson scattering processes, confining them to the very femtosecond
timescale that is hard to access even with state-of-the-art ultrafast techniques.
Here we simultaneously push the time resolution and the frequency range of
transient reflectivity measurements up to an unprecedented level that enables
us to directly observe the ∼16 fs build-up of the effective electron-boson inter-
action in hole-doped copper oxides. This extremely fast timescale, together
with the outcome of calculations for the t-J model and the repulsive Hub-
bard model, indicates that short-range antiferromagnetic fluctuations are the
bosons that likely mediate the retarded electron interactions in copper oxides
close to optimal doping, where the largest critical temperature is reached.
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Quasiparticle recombination dynamics in the
model cuprate superconductor HgBa2CuO4 + δ ∗∗

J.P. Hinton,1,2 E. Thewalt,1,2 A.F. Kemper,1 M.K. Chan,3 M. Veit,3
C. Dorow,3 L. Ji,3 N. Bariši,3,4 X. Zhao,3,5 J.D. Koralek,1 M. Greven,3

J. Orenstein1,2

jhinton@berkeley.edujhinton@berkeley.edu

1Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Department of Physics, University of California, Berkeley, California 94720, USA

3School of Physics and Astronomy, University of Minnesota, Minneapolis,
Minnesota 55455, USA

4Service de Physique de l’Etat Condensé, CEA-DSM-IRAMIS, F-91198
Gif-sur-Yvette, France

5State Key Lab of Inorganic Synthesis and Preparative Chemistry, College of
Chemistry, Jilin University, Changchun 130012, P.R. China

The cuprate family of high temperature superconductors is characterized
by a variety of electronic phases which emerge when charge carriers are added
to the antiferromagnetic parent compound. In recent years, it has been es-
tablished that various forms of charge ordering at temperatures proximate to
the superconducting transition temperature are a universal feature of under-
doped cuprates. The structural simplicity of the single layer cuprate system
HgBa2CuO4 + δ (Hg1201) makes it an ideal system for studying subtle inter-
actions between charge order and superconductivity.

In this work, we investigate the recombination dynamics of photo-excited
quasiparticles in Hg1201 as a function of doping, temperature, and magnetic
field using pump-probe optical reflectivity. We observe two distinct onset
temperatures above TC in the underdoped part of the phase diagram, cor-
responding to T* and T** as observed in transport and neutron scattering
experiments. We also measure a suppression of the recombination rate near
TC . This suppression can be modeled as a crossover from fluctuating charge
density wave to superconducting quasiparticle coherence.

∗Work supported by DOE-BES.
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Optical observation of precursory
superconductivity in YBa2Cu3Oy

∗∗

E. Uykur, K. Tanaka. T. Masui, S. Miyasaka and S. Tajima
tajima@phys.sci.osaka-u.ac.jptajima@phys.sci.osaka-u.ac.jp

Dept. of Physics, Osaka University, Osaka 560-0043, Japan

We have systematically studied the c-axis polarized optical spectra for Zn-
doped YBa2Cu3Oy over a wide range of oxygen and Zn-contents. Subtracting
the normal components carefully, we found finite superconducting conden-
sates at the temperatures far above Tc but below the pseudogap temperature
T ∗ [11]. This temperature for precursory superconductivity (Tp) is sensitive
to the Zn-doping like Tc, which indicates that this phenomenon is linked to
superconductivity but different from the pseudogap. On the other hand, the
doping dependence of Tp is similar to that of T ∗, namely, Tp increases with
underdoping. These results suggest that as the system approaches a Mott in-
sulator the pairing interaction becomes stronger but the simultaneously devel-
oped competing order (pseudogap) suppresses superconductivity. Although
these two (superconductivity and pseudogap) are distinct order, they may
originate from the same interaction. Strong electron correlation is a possible
candidate for this interaction. Since our recent study of oxygen isotope effect
in YBa2Cu3Oy suggests that the charge channel is involved in the competing
order [22], the coexistence of spin and charge order such as the stripe order
could be the origin of the pseudogap.

[1] E. Uykur et al., to be published in Phys. Rev. Lett.
[2] K. Kamiya et al., to be published in Phys. Rev. B, rapid commun. arXiv.1402.1942.

∗This work was supported by a Grant-in-Aid of for Scientific Research from the Min-
istry of Education, Culture, Sports, Science and Technology of Japan. (No.19204038 and
No.24340083)
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Evidence for a superconducting origin of prominent
features of the in-plane infrared response of
underdoped cuprates and implications of their

persistence above Tc
Dominik Munzar(1)(2), Bretislav Sopik (2), Jiri Chaloupka (2), Dominique

Geffroy(1)
munzar@physics.muni.czmunzar@physics.muni.cz

(1) Department of Condensed Matter Physics, Faculty of Science, Masaryk
University, Kotlarska 2, CZ-611 37 Brno, Czech Republic

(2) Central European Institute of Technology, Masaryk University, Kotlarska 2,
CZ-611 37 Brno, Czech Republic.

The possible persistence of some form of superconductivity many tens
of K above the bulk superconducting transition temperature Tc in under-
doped cuprate superconductors belongs to the most vividly discussed topics
in the field of high-Tc superconductivity. Surprisingly high (up to 100 K
above Tc) values of the temperature Tons of the onset of an increase of coher-
ence, presumably due to an onset of a precursor superconducting phase, have
been deduced from the data of the c-axis infrared response of underdoped
YBa(2)Cu(3)O(7-delta) (Y-123) [11]. The interpretation of the Tons scale in
terms of a precursor superconductivity, however, has not yet been widely ac-
cepted. The main reasons are: (i) The c-axis response of Y-123 is a fairly
complex quantity due to the specific bilayer structure. See, however, Ref. [22].
(ii) Underdoped cuprates are known to exhibit ordered states distinct from su-
perconductivity, in particular, charge modulations have been reported [33] that
set on at temperatures comparable to Tons. It is thus possible to speculate
that the Tons scale is determined by an order competing with superconductiv-
ity rather than by superconducting correlations themselves. In this context
it is of high importance to address manifestations of the increase of coher-
ence below Tons in the in-plane response and to ascertain their relation to
superconductivity.

We report on results of our analysis of published experimental data of the
in-plane infrared response of two representative underdoped high-Tc cuprate
superconductors (Y-123, Tc=59 K, data from [44]; HgBa(2)CuO(4+delta),
Tc=67 K, data from [55]) focusing on a characteristic gap feature in the spec-
tra of the real part of the conductivity and the corresponding structures of
the memory function/optical selfenergy, that develop below Tons. Several
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arguments based on comparisons of the data with results of our calculations
will be provided indicating that these features are due to superconductivity
and that Tons marks the onset of a precursor superconducting phase: (i)
The low temperature data of the two moderately underdoped cuprates will
be shown to be consistent with results of our calculations based on a well es-
tablished model [66] of the in-plane response of a d-wave superconductor. This
has not been recognized earlier and it strongly suggests that the features are
due to superconductivity. (ii) The onset of the gap feature in the data, below
Tons, will be shown to be similar to that of our calculated spectra below Tc
and to that of optimally doped cuprates below Tc [77]. This finding supports
the assignment of the Tons scale to precursor superconductivity. (iii) It will
be demonstrated that the temperature dependence of the features cannot be
simply accounted for in terms of a normal state pseudogap independent of su-
perconductivity. (iv) Our interpretation of the infrared data will be shown to
be consistent with the precursor superconductivity based interpretation of the
photoemission data proposed by D. Dessau and coworkers [88,99]: The above Tc
spectral functions, as parametrized in [99], provide a reasonable profile of the
conductivity only when complemented with the corresponding off-diagonal
components. Preprint on cond-mat [1010].

[1] Dubroka et al., PRL 106, 047006 (2011).
[2] E. Uykur et al., PRL 112, 127003 (2014).
[3] G. Ghiringhelli et al., Science 337, 821 (2012), J. Chang et al., Nature Phys. 8, 871 (2012).
[4] J. Hwang et al., PRB 73, 014508 (2006).
[5] S. I. Mirzaei et al., PNAS 110, 5774 (2013).
[6] J. Chaloupka and D. Munzar, PRB 76, 214502 (2007).
[7] D. Van der Marel et al., Nature 425, 271 (2003), A. V. Boris et al., Science 304, 708 (2004).
[8] T. J. Reber et al., PRB 87, 140508(R) (2013).
[9] T. J. Reber et al., Nature Phys. 8, 606 (2012).

[10] B. Sopik, J. Chaloupka, and D. Munzar, arXiv:1401.3776v1.
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A light scattering study of the pairing potential in
Fe-based superconductors and related compounds

∗∗

R. Hackl,1 F. Kretzschmar,1 T. Böhm,1 B. Muschler,1 T. P. Devereaux,2
Hai-Hu Wen3

hackl@wmi.badw.dehackl@wmi.badw.de

1Walther Meissner Institute, Bavarian Academy of Sciences and Humanities,
85748 Garching, Germany

We present results of light scattering experiments on Fe-based supercon-
ductors. The main focus will be placed on superconducting gap excitations
in Ba1−xKxFe2As2 (BKFA). It is shown that the response in A1g and B2g
symmetry is dominated by pair-breaking. In contrast to Ba(Fe1−xCox)2As2
the energy gaps derived for the various bands are only slightly anisotropic.
In B1g symmetry we find a sharp mode inside the gap that is most naturally
explained in terms of an exciton-like excitation resulting from the final state
interaction between the two electrons of a broken Cooper pair. Here, as op-
posed to the original prediction by Bardasis and Schrieffer, the interaction
does not originate in an intraband anisotropy but rather in a subdominant
contribution to the pairing potential from the interaction between the elec-
tron bands. The subdominant coupling is found to be almost as strong as the
dominant one between the electron and hole bands. In BKFA the identifi-
cation of the in-gap mode is straightforward for the temperature dependence
of the energy and the transfer of spectral weight. The position and the in-
tensitiy of the mode can be reproduced by a semi-quantitative calculation
on the basis of model assumptions for the pairing potential. In addition to
the Bardasis-Schrieffer modes, there exist various other collective excitations
inside the gap allowing conclusions as to the interactions in the superconduct-
ing state. We give some examples of results observed earlier in superfluid He,
A15 compounds, NbSe2, and MgB2 and propose an identification in terms of
Bardasis-Schrieffer, Higgs and Leggett modes, respectively.

∗The work was supported by the DFG via the Priority Program SPP1458 (project
no. HA2071/7), by the Bavarian Californian Technology Center BaCaTeC (project no.
A5 [2012-2]) and, partially, by the Transregional Collaborative Research Center TRR80.
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Raman scattering as a probe of charge nematic
fluctuations in Iron-based superconductors ∗∗

Yann Gallais
yann.gallais@univ-paris-diderot.fryann.gallais@univ-paris-diderot.fr

Université Paris Diderot

In this talk, I present recent Raman scattering results showing the presence
of dynamical charge nematic fluctuations in the tetragonal phase of electron
doped (Ba,Sr)(Fe1−xCox)2As2 and hole doped Ba1−xKxFe2As2 Iron-based su-
perconductors. The diverging Raman response at low temperatures unveils
an underlying charge nematic state that extends to superconducting compo-
sitions and which has hitherto remained unnoticed. Comparison between the
extracted static charge nematic susceptibility and elastic modulus measure-
ments allows to disentangle the charge contribution to the nematic instability.
Key differences between hole and electron-doping will also be highlighted.

∗ Work performed in collaboration with R.M. Fernandes, I. Paul, L. Chauvière, Y.-X.
Yang, M.A. Méasson, M. Cazayous, A. Sacuto, D. Colson, A. Forget. Financial support
from Agence National de la Recherche through ANR grant 11 “PNICTIDES” is acknowl-
edged.
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Nesting Induced Large Magnetoelasticity in the
Iron Arsenide Systems

I. Paul
indranil.paul@univ-paris-diderot.frindranil.paul@univ-paris-diderot.fr

Laboratoire MPQ, University Paris Diderot

AbstractText An interesting feature of the iron arsenides is the magne-
toelastic coupling between the long wavelength in-plane strains of the lattice
and the collective spin fluctuations of the electrons near the magnetic order-
ing wavevectors. We study the microscopic origin of this feature from an
electronic model with nested Fermi pockets and a nominal interaction. We
find the couplings diverge with a power-law as the system is tuned to perfect
nesting, thereby implying the magnetoelasticity in these systems is a nesting
induced feature. We also elucidate how this nesting induced singularity plays
a role in triggering a spin fluctuation driven nematic instability that gives rise
to the orthorhombic phase of these materials. These results show the micro-
scopic connection between the nesting of the bands with the nematic and the
magnetoelastic properties of the iron arsenides.
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Hybridization regime and hidden order state of
URu2Si2: Effects of doping on Fermi liquid

scattering and energy gap
Jesse S. Hall1, N. Kanchanavatee2, M. Janoschek2, K. Huang2, N.P. Butch3,

M.B. Maple2, and T. Timusk1,4

halljs2@mcmaster.cahalljs2@mcmaster.ca

1McMaster University
2University of California, San Diego

3Lawrence Livermore National Laboratory
4Canadian Institute for Advanced Research

We present new optical data on the heavy fermion metal URu2Si2 doped
with Re and Fe. The un-doped material shows a Drude peak and a develop-
ing hybridization gap above 17.5 K. Below this temperature there is a second
order phase transition to the "hidden order state". A gap develops in the
incoherent part of the conductivity but the Drude peak remains. By doping
Re into URu2Si2 the hybridization and hidden order states can be changed
considerably. In the former, the Fermi liquid behaviour onsets at a lower
temperature and persists over a broader temperature range. In the latter, the
hidden order gap is weakened with a corresponding decrease in the transition
temperature. Doping with Fe, by contrast, causes an increase in the hidden
order transition temperature before pushing URu2Si2 into an antiferromag-
netic state. The effect of these dopings on the hybridization and hidden order
states, as revealed by optical conductivity, offers significant insight into the
electrodynamics of this mysterious system.
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Electron-Hole Symmetry in the Electronic
Structures of Ce and Yb Compounds Examined by

Optical Study under High Pressure
H. Okamura,1 T. Yamasaki,1 A. Takigawa,1 S. Ohara, 2 and E. D. Bauer3

okamura@kobe-u.ac.jpokamura@kobe-u.ac.jp

1Graduate School of Science, Kobe University, Kobe, Japan
2 Nagoya Institute of Technology, Nagoya, Japan

3 Los Alamos National Laboratory, Los Alamos, USA

The electron-hole symmetry is one of the most fundamental concepts in
condensed matter physics. Electron-hole symmetry exists between Ce3+ and
Yb3+ ions, since the former has one f electron while the latter has one f
hole. Accordingly, many common properties are found between Ce and Yb
compounds. For example, heavy fermion (HF) states with large effective mass
have been observed for both Ce and Yb compounds. However, there are also
differences between them. For example, there have been much fewer Yb-
based HF superconductors than Ce-based ones [11]. Therefore, it is interesting
to compare the microscopic electronic structures of Ce and Yb compounds.
Their properties under high pressure are particularly interesting, since exter-
nal pressure is possible to tune the hybridization between the conduction and
f electrons (c-f hybridization). We have compared the electronic structures
of CeRhIn5 (Ce115) [22] and YbNi3Ga9 (Yb139) [33] by measuring their opti-
cal conductivity σ(ω) under high pressure with diamond anvil cell. Ce115 is
tuned by pressure from a localized state (antiferromagnet) to a delocalized
HF state for P ≥ 2.5 GPa, while Yb139 is tuned from a delocalized HF (in-
termediate valence) state to a localized state (magnetic order) for P ≥ 9 GPa.
In the measured σ(ω) of both Ce115 and Yb139, a characteristic mid-infrared
(mIR) peak shows marked pressure evolution. This peak results from a c-f
hybridized state [44], and hence its pressure evolution results from that of the
c-f hybridized state. It is found that the peak shift with pressure is opposite
between Ce115 and Yb139: the mIR peak shifts to higher energy for Ce115
and to lower energy for Yb139. This result should reflect the electron-hole
symmetry, i.e., pressure evolutions of f electron state toward opposite char-
acteristics between Ce and Yb compounds. On the other hand, the mIR
peak becomes broader with pressure for both Ce115 and Yb139, in contrast
to what is expected from a simple electron-hole symmetry. We will discuss
these results on the basis of microscopic electronic structures in Ce and Yb
compounds under high pressure.
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[1] S. Nakatsuji et al., Nat. Phys. 4, 603 (2008).
[2] J. L. Sarrao et al., J. Phys. Soc. Jpn. 76, 051013 (2007).
[3] T. Yamashita et al., J. Phys. Soc. Jpn. 81, 034705 (2012); S. Ohara et al, unpublished.
[4] H. Okamura et al., J. Phys. Soc. Jpn. 76, 023703 (2007), and references therein.
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Collective spin excitations in diluted magnetic
quantum wells ∗∗

F. Perez
florent.perez@insp.jussieu.frflorent.perez@insp.jussieu.fr

Institut des NanoSciences de Paris, Université Pierre et Marie Curie /CNRS,
Paris, France

We present ten years work on collective spin excitations in electron gas
confined in diluted magnetic quantum wells made of Cd1−xMnxTe. The
giant Zeeman effect due to the sd-exchange coupling between the conduc-
tion electron and the magnetic impurities introduce a high spin-polarization
degree of the electron gas with low magnetic fields rendering the Landau
orbital quantization negligible. Hence a model spin-polarized electron gas
(SP2DEG) is formed. By Raman scattering, we studied the spin waves of the
SP2DEG, which propagates in the plane of the quantum well [11] thanks to the
spin-resolved Coulomb interaction [22]. The sd-coupling introduce spin mixed
modes in which the Mn spin precession is coherently coupled to the electron
spins precession [33]. The spin-mixture of the spin motion was observed in the
transient THz radiation that follows the coherent spin precession induced by
an optical pulse [44]. More recently, we observed huge spin-orbit fields, rein-
forced by the Coulomb interaction and acting as a unique field on the spin
waves [55]. This effect might have applications in spin-wave based spintronics.

[1] B. Jusserand et al., Phys. Rev. Lett. 91, 086802 (2003).
[2] F. Perez et al., Phys. Rev. Lett. 99, 026403 (2007).
[3] M. Vladimirova et al., Phys. Rev. B 83, 081305 (2008).
[4] R. Rungsawang et al., Phys. Rev. Lett. 110, 177203 (2013).
[5] F. Baboux et al., PRB Rapid Communication 87, 121303(R) (2013), Phys. Rev. Lett. 109,

166401 (2012).

∗All the people who contributed to this work : F. Baboux, J. Gomez., C. Aku-Leh,
J. Tignon, R. Rungsawang, S. Dhillon, T. Wojtowicz, G. Karczewski, D. Scalbert, M.
Vladimirova, S. Cronenberger, B. Jusserand, D. Richards
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Collective effects in 2D electron gas and
Ultra-strong light-matter coupling ∗∗

Yanko Todorov, Angela Vasanelli, Carlo Sirtori
yanko.todorov@univ-paris-diderot.fryanko.todorov@univ-paris-diderot.fr

Laboratoire MPQ, Univ. Paris Diderot, CNRS UMR 7162, F-75013 Paris, France

The resonant interaction between light and a quantum structure is com-
monly described as a process between two electronic levels. However, in solid-
state physics this simple picture must be revised when a large number of par-
ticles are involved in the process, as many-body effects can modify profoundly
the optical response of the system. One such example are the intersubband
transitions between the quantized states of a semiconductor quantum well,
hosting high density electron gas. In such system, the optical response is pro-
vided both by the quantizing effects of the heterostructure potential and by
the plasmonic nature of the electronic oscillations excited by the impinging
photon.

In such systems, one direct physical effects of the collective electronic re-
sponse is the possibility to gain very large oscillators strengths for the many-
body state as compared to the single particle electronic states. Such gain
results in a considerable acceleration of the absorption and emission of light
in these systems. For instance, when highly doped quantum wells are cou-
pled with a resonant microcavity, one reaches the ultra-strong light-matter
coupling regime, recently demonstrated experimentally by our group [11]. In
these regime, the light-matter coupling strength, the Rabi splitting 2ΩR be-
comes a sizeable fraction of the intersubband transition frequency ω12 [22], and
fractions as large as 2ΩR/ω12 = 73% have been recently achieved at room tem-
perature [33]. Beyond the fundamental physical concepts, we are now exploring
the large oscillator strength of the quantum plasmons for building novel de-
vices operating in the infrared spectral range. In particular, I will present our
recent investigations on electrically driven supper-radiant emitters [44] and
low-dark current microcavity-coupled quantum detectors [55].
[1] Y. Todorov, A. M. Andrews, R. Colombelli, S. De Liberato, C. Ciuti, P. Klang, G. Strasser,

and C. Sirtori, Phys. Rev. Lett. 105, 196402 (2010).
[2] C. Ciuti, G. Bastard, and I. Carusotto, Phys. Rev. B 72, 115303 (2005).
[3] B. Askenazy et al. submitted.
[4] T. Laurent et al. unpublished (2013).
[5] Y. Chen et al. submitted.

∗ERC grand “Adequate”
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Multiple Quantum Phase Transitions in a
two-dimensional superconductor

J. Biscaras1, N. Bergeal1, S. Hurand1, C. Feuillet-Palma1, A. Rastogi2, R.
C. Budhani2,3, M. Grilli4, S. Caprara4, J. Lesueur1

Nicolas.Bergeal@espci.frNicolas.Bergeal@espci.fr

1 LPEM, CNRS, ESPCI ParisTech, 10 rue Vauquelin - 75005 Paris, France
2 Condensed Matter - Low Dimensional Systems Laboratory, Department of

Physics, Indian Institute of Technology Kanpur, Kanpur 208016, India
3 National Physical Laboratory, New Delhi - 110012, India

4 Istituto Nazionale per la Fisica della Materia, Unità di Roma 1 and SMC
Center,and Dipartimento di Fisica Università di Roma “La Sapienza”, piazzale

Aldo Moro 5, I-00185 Roma, Italy

Transition metal oxides display a great variety of quantum electronic be-
haviors where correlations often play an important role. The achievement
of high quality epitaxial interfaces involving such materials 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 [11],
or LaTiO3 (a Mott insulator) and SrTiO3 [22]. We study the magnetic field
driven Quantum Phase Transition (QPT) in electrostatically gated super-
conducting in LaTiO3/SrTiO3 and LaAlO3/SrTiO3 interfaces [33]. Through
finite size scaling analysis, we show that it belongs to the (2+1)D XY model
universality class. The system can be described as a disordered array of super-
conducting islands coupled by a 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, 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 island size [44]. The overall behaviour is well de-
scribed by a model of coupled superconducting puddles in the framework of
the fermionic scenario of 2D superconducting QPT [55].
[1] N. Reyren et al. Science 317, 1196 (2007)
[2] J. Biscaras et al. Nature Communications 1, 89 (2010)
[3] J. Biscaras et al. Phys. Rev. Lett. 108, 247004 (2012)
[4] J. Biscaras et al. Nature Materials (2013)
[5] B. Spivak et al. Phys. Rev. B 77 214523 (2008)
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Electrodynamics of hetero-structured high
temperature superconductors

A. Perucchi,1 P. Di Pietro,1 F. Capitani,2 P. Dore,2 D. Di Castro,3 S. Lupi4
andrea.perucchi@elettra.euandrea.perucchi@elettra.eu

1 INSTM Udr Trieste-ST and Sincrotrone Trieste, Area Science Park, I-34012
Trieste, Italy

2 CNR-SPIN and Dipartimento di Fisica, Universita di Roma Sapienza, P.le Aldo
Moro 2, I-00185 Roma, Italy

3 CNR-SPIN and Dipartimento di Ingegneria Civile e Ingegneria Informatica,
Universita di Roma Tor Vergata, Via del Politecnico 1, I-00133 Roma, Italy

4 CNR-IOM and Dipartimento di Fisica, Universita di Roma Sapienza, P.le Aldo
Moro 2, I-00185 Roma, Italy

Both the iron-based and the cuprate high temperature superconductors,
are intrinsically multi-layered materials. Particular efforts have thus been
devoted to the deposition of thin superconducting films and to artificially
synthesize heterostructures based onto different superconducting materials.
The study of these systems can provide new clues to the understanding of
the general mechanism of high temperature superconductivity while offering
the possibility to tailor important superconducting properties. An important
example is provided by Co-doped Ba122 superlattices, where it was shown
that heterostructuring the pristine superconducting compound can result in
a substantial enhancement of the upper critical field, due to controlled flux
pinning. On the other hand, in cuprates, the fabrication of artificial interfaces
between the insulating CaCuO3 and SrTiO3 compounds, results in supercon-
ducting interfaces, analogous to the Copper-Oxide planes of the cuprates. We
address here the electrodynamics of both these classes of heterostructured su-
perconductors. Optics allows to probe the electronic structure of these new
superconducting states, thereby addressing important issues as the number
and symmetry of the gaps, the density of the charge carriers and their effective
masses.
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lations on Quasiparticle Recombination Rates

29 MorrisMorris A hierarchy of bound states in the 1D ferromagnetic
Ising chain CoNb2O6 investigated by high resolution time-
domain terahertz spectroscopy

30 MoskvinMoskvin Pseudospin S = 1 description of the cuprate complexity:
ground state, phase diagrams, and excitations

31 NajeraNajera Study of spin-orbit effects in the Mott-Hubbard metal-
insulator transition

32 PanPan Low energy electrodynamics of novel spin excitations in
the quantum spin ice Yb2Ti2O7
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36 RoskosRoskos Time-Resolved THz Spectroscopy of Charge-Density
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37 RovillainRovillain Iron borate multiferroics, a new way to observe the elec-
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38 SandilandsSandilands Spin-orbit coupling in RuCl3: Evidence for a relativistic
Mott insulator on the honeycomb lattice

39 SakaiSakai Evidences of an s-wave structure of the pseudogap in high-
Tc cuprate superconductors

40 ShuvaevShuvaev Room temperature electrically tunable terahertz Faraday
effect in a topological insulator

41 SkiadopoulouSkiadopoulou Spin and lattice excitations in BiFeO3 ceramics compared
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43 SubediSubedi Theory of nonlinear phononics for coherent light-control

of solids
44 ThiemannThiemann Microwave measurements on superconductors at mK tem-
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superconductors

45 de la Torrede la Torre ARPES study of the doping evolution of the strong spin-
orbit insulator Sr3Ir2O7

46 ToulouseToulouse Driving the spins in BiFeO3 single crystals with hydro-
static pressure

47 TranTran Infrared- and Raman-Spectroscopy Measurements of a
Transition in the Crystal Structure and a Closing of the
Energy Gap of BiTeI under Pressure

48 Z. WangZ. Wang Orbital-selective metal–insulator transition and gap for-
mation above Tc in superconducting Rb1−xFe2−ySe2

49 Liang WuLiang Wu A sudden collapse in the transport lifetime across the
topological phase transition in (Bi1−xInx)2Se3

50 Bing XuBing Xu Charge dynamics in BaFe2(As0.7P0.3)2 superconductor as
revealed by optical spectroscopy

51 YangYang Weak coupling between orbitals and Eg phonon mode in
Ba(Fe1−xCox)2As2

52 ZhuZhu Polarity-driven surface metallicity in the Kondo insulator
SmB6
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Evidence of an Additional Frequency in the
Shubnikov-deHaas Measurements of Underdoped

YBa2Cu3Oy
S. Badoux,1,3 and D. Vignolles,1 and B. Vignolle,1 and D. LeBoeuf,1 and S.

Lepault,1 and C. Proust,1 and B. Ramshaw,2 and R. Liang,2 and W.N. Hardy,2
and D.A. Bonn,2

sven.badoux@usherbrooke.casven.badoux@usherbrooke.ca

1Laboratoire National des Champs Magnétiques Intenses, UPR 3228, CNRS,
Toulouse 31400, France.

2Department of Physics and Astronomy, University of British Columbia,
Vancouver V6T 1Z4, Canada.

3present address: Département de physique and RQMP, Université de Sherbrooke,
Sherbrooke, QuébecJ1K 2R1, Canada.

In 2007, the discovery of quantum oscillations in underdoped YBa2Cu3O6.51
[1] show the presence of a closed and coherent Fermi surface at low temper-
ature in contradiction with Fermi arcs seen by ARPES. Combined with the
observation of the negative Hall and Seebeck coefficients at low temperature
in underdoped YBa2Cu3Oy [2-3], those results strongly suggest that a Fermi
surface reconstruction from the large hole pocket into small electron pocket(s)
occurs within the underdoped side of the phase diagram. Charge order, as
evidenced by NMR measurements [4] is believe to be responsible for this re-
construction.

In order to get more insight on the Fermi surface reconstruction, it is
important to well characterize the Fermi surface. We have recently carried
out quantum oscillations measurements in underdoped YBCO showing the
presence of a new frequency in the oscillation spectra for two different dopings.
The presence of this new frequency reconciles a number of experimental facts.
We will also discuss Fermi surface reconstruction based on a bi-axial charge
order as seen by X-ray measurements and compared it to our experimental
results.

[1] N. Doiron-Leyraud et al, Nature 447, 565 (2007).
[2] J. Chang, PRL 104, 057005 (2010).
[3] D. Leboeuf, Nature 450, 533 (2007).
[4] T. Wu et al., Nature 477, 191 (2011).
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Collapse of the Pseudogap in Cuprate
superconductors at a Lifshitz Transition

S. Benhabib1, A. Sacuto1, M. Civelli2, I. Paul1, M. Cazayous1, Y. Gallais1,
M.-A. Méasson1, R. D. Zhong3, J. Schneeloch3 and G. D. Gu3, D. Colson4

and A.Forget4

siham.benhabib@univ-paris-diderot.frsiham.benhabib@univ-paris-diderot.fr

1 Laboratoire Matériaux et Phénomènes Quantiques (UMR 7162 CNRS),
Université Paris Diderot-Paris 7, Bat. Condorcet, 75205 Paris Cedex 13, France
2 Laboratoire de Physique des Solides,(UMR 8502 CNRS), Université Paris Sud,

Bat.510, 91405 Orsay Cedex,
3 Matter Physics and Materials Science, Brookhaven National Laboratory (BNL),

Upton, NY 11973, USA,
4 Service de Physique de l’Etat Condensé, CEA-Saclay, 91191 Gif-sur-Yvette,

France

In the under-doped side of the hole doped cuprate phase diagram, the
loss of well defined low energy excitations described as the pseudogap de-
velops above the critical temperature Tc [1]. The relation between pseudo-
and superconducting gaps has been a controversial issue whose understand-
ing may provide long-sought insights into the mechanism of high temperature
superconductivity [2]. Although intensely studied in the underdoped regime,
relatively less is known about the pseudogap on the over-doped side, where
it weakens and eventually disappears at a critical doping pc [3]. Here, we
handle a carful finely tuned Electronic Raman study of Bi2Sr2CaCu2O8+δ in
a large range of doping from under doped to heavy over doped, (the doping
was controlled by oxygen insertion). We succeed by combining experiment
and theoretical calculations to determine the critical doping pc , which corre-
spond to the pseudogap closing at pc = 0.22 and we reveal that it coincides
with a Lifshitz transition where the underlying hole-like active Fermi surface
becomes electron-like at a van Hove singularity [4]. Interestingly, the super-
conducting critical temperature Tc is unaffected by this transition. Comparing
our results with existing photoemission and tunnelling data, we demonstrate
that the microscopic origins of the pseudogap and the superconductivity are
different on the over-doped side. Only the former is tied to the change in the
Fermi surface topology, a feature universal across several hole doped cuprates
[4].
(2) M. Norman, D. Pines and C. Kallin The pseudogap: friend or foe of high
Tc? Adv. Phys. 54, 712 (2005).
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(1) T. Timusk and B. Statt, The pseudogap in high-temperature supercon-
ductors: an experimental survey. Rep. Prog. Phys. 62 122(1999).
(2) M. Norman, D. Pines and C. Kallin The pseudogap: friend or foe of high
Tc? , Adv. Phys. 54, 712 (2005).
(3) J. Tallon, and J. Loram, The doping dependence of T∗, what is the real
high-Tc phase diagram? Physica C 349 , 53 (2001).
(4) S. Benhabib, A. Sacuto, M.Civelli, I. Paul et al. Submitted , see arxiv
april 1rst 2014.
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Subdominant d-wave coupling in Ba0.6K0.4Fe2As2

T. Boehm,1 and A.F. Kemper,2 and F. Kretzschmar,1 and B. Muschler,1
and R. Hackl,1 and B. Moritz,3 and T.P. Devereaux,3 and D.J. Scalapino,4

Thomas.Boehm@wmi.badw.deThomas.Boehm@wmi.badw.de

Walther Meissner Institute

An analysis of the light scattering spectra of optimally doped Ba0.6K0.4Fe2As2
is presented. On the basis of LDA band structure calculations it is shown that
the narrow feature found experimentally in the B1g (dx2−y2) Raman spectra in
the superconducting state can be reproduced quantitatively and be identified
as a Bardasis-Schrieffer exciton. The binding energy of the exciton relative
to the gap edge shows that the coupling strength in the subdominant dx2−y2

channel is as strong as 60% of that of the dominant s+− channel.
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Electronic gaps and signature of the hidden order
of URu2Si2 revealed by Raman scattering

spectroscopy
Jonathan Buhot1, Marie-Aude Méasson1, Maximilien Cazayous1, Yann
Gallais1, Gérard Lapertot2, Dai Aoki2, Frédéric Bourdarot2, Stéphane
Raymond2, Louis-Pierre Regnault2, Alexandre S. Ivanov3, Przemyslaw
Piekarz4, Krzysztof Parlinski4, Dominik Legut5, C.C. Homes6, Pascal

Lejay7, R.P.S.M. Lobo8, Xavier Montiel9, Sébastien Burdin10, Catherine
Pepin11, Alain Sacuto1
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[1]Laboratoire Matériaux et Phénomènes Quantiques, UMR 7162 CNRS,
Université Paris Diderot - Paris 7, France [2]SPSMS, UMR-E CEA,

UJF-Grenoble 1, INAC, 38054 Grenoble, France [3]Institut Laue Langevin, 38042
Grenoble, France [4]Institute of Nuclear Physics, Polish Academy of Sciences,
31-342 Krakow, Poland [5]Nanotechnology Centre, VSB-Technical University of
Ostrava, Ostrava, Czech Republic [6]Condensed Matter Physics and Materials
Science Department, Brookhaven National Laboratory, Upton, New York 11973,
USA [7]Institut Néel, CNRS et Université Joseph Fourier, BP166, F-38042

Grenoble Cedex 9, France [8]LPEM, ESPCI-ParisTech, CNRS, UPMC, 10 rue
Vauquelin, F-75231 Paris Cedex 5, France [9]International Institute of Physics,

Universidade do Rio Grande do Norte, Natal, Brazil [10]Condensed Matter Theory
Group, CPMOH, UMR 5798, Université de Bordeaux I, 33405 Talence, France
[11]Institut de Physique Théorique, CEA-Saclay, 91191 Gif-sur-Yvette, France

The heavy fermion compound URu2Si2 exhibits a so-called Hidden Order
(HO) phase (T0=17.5K) coexisting with superconductivity. Despite almost
30 years of research, the microscopic origin of the Hidden Order is still the
subject of intense debate [1]. Thanks to its ability to unveil the symmetry of
the electronic excitations, Raman spectroscopy is making an important contri-
bution to this longstanding question. We have performed polarized electronic
Raman scattering on single crystals of URu2Si2 in all the allowed Raman
symmetries. In addition to a peculiar temperature dependence of the B1g
phonon mode, we report the opening of two electronic gaps consistently with
the optical conductivity measurements [2]. One gap appears below TK and
below 85meV, most probably related to the formation of the hybridization
gap. Using the calculated Raman vertices, its specific symmetry will allow
us to discuss the k-dependence of the Kondo physics. In addition, in the HO
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state, an electronic gap opens below 6.8meV, on top of which a sharp excita-
tion emerges at 1.75meV. Both of them have the specific A2g symmetry with
chiral character. This chiral character of the gapped electronic excitations
in URu2Si2 gives new strong constrain for theoretical survey. Comparison
between the sharp excitation and the resonance at E0 observed by neutron
scattering at Q0=(0,0,1) [3], the up-to-now major signature of the HO phase,
will be done. Consequences of the close relation between these two HO signa-
tures observed at different Q vector on the Hidden Order parameter will be
discussed.
(1) J. A. Mydosh, P. M. Oppeneer, Reviews of Modern Physics, 83, 1301
(2011)
(2) D. A. Bonn, et al., Physical Review Letters, 61, 1306 (1988)
(3) F. Bourdarot, et al., J. Phys. Soc. Jpn., 79, 064719 (2010)
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Probing the electron-boson coupling in the
overdoped regime of cuprates

L. Chauvière1,2,3, S. Dal Conte4, P. Dosanjh1,2, Ruixing Liang1,2, W. N.
Hardy1,2, D. A. Bonn1,2, G. Cerullo4, B. Keimer3, C. Giannetti5, A.

Damascelli1,2
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4 IFN-CNR, Dipartimento di Fisica, Politecnico di Milano, 20133 Milano, Italy
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In cuprate high-Tc superconductors, it is still unclear why Tc decreases
upon doping on the overdoped side of the superconducting dome, where
the superconducting state emerges from a Fermi liquid normal state. In
the picture of a boson-mediated interaction leading to electron Cooper pair-
ing, the value of Tc could depend on the disappearance of the bosonic ex-
citations themselves and/or the weakening of the electron-boson coupling.
To unveil the evolution of the electron-boson interaction in the overdoped
regime of cuprates, we have recently grown high-quality single crystals of
Tl2Ba2CuO6+x to cover a wide range of hole doping, from close-to-optimally
doped (Tc=85K) to strongly overdoped (Tc=15K), with the cleanest cuprate
material available. We have performed ultrafast pump-probe reflectivity mea-
surements in the energy window 0.75 – 2.4eV with an unprecedented ex-
perimental time resolution of 15fs, to gain direct insights into the coupling
strength and excitation dynamics of both phononic and magnetic excitations.
These results indicate an extremely rapid dynamic, which saturates upon
heavy overdoping and which will be discussed in the context of short-range
spin-fluctuations.
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Interface-Induced Magnetic Coupling in
Multiferroic/Ferromagnetic Bilayer: An Ultrafast

Pump-Probe Study
Elbert E. M. Chia
elbertchia@ntu.edu.sgelbertchia@ntu.edu.sg

Nanyang Technological University

By use of optical pump-probe measurement, we study the relaxation dy-
namics of a muliferroic-ferromagnetic TbMnO3/La0.7Sr0.3MnO3 bilayer. The
relaxation dynamics of both layers are well separated in time allowing us to
investigate the magnetic coupling across the bilayer. We observe that the re-
laxation dynamics of the individual layers in the bilayer sample are the result
of the interplay between the intrinsic magnetic order and the induced interfa-
cial effect. Our data suggest the existence of induced ferromagnetic order in
the TbMnO3 layer, and antiferromagnetic order in the La0.7Sr0.3MnO3 layer.
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Crystal Growth of High-Tc Superconductors and
Multiferroics

D. Colson, A. Forget, F. Rullier-Albenque, M. Viret, P. Bonville
dorothee.colson@cea.frdorothee.colson@cea.fr

Service de Physique de l’Etat Condensé (CNRS-URA 2464), DSM/IRAMIS/SPEC

We will detail the procedures used to grow good single crystals which
allowed us to undertake very thorough studies of their physical properties in
collaboration with different labs.

Concerning cuprates, our activity has been mainly focused on the syn-
thesis of single crystals of mercury compounds with different hole dopings.
Using Raman spectroscopy, A. Sacuto et al. (MPQ-Paris7) observed two
distinct energy scales for the superconducting gap induced by the pseudo-
gap in the underdoped regime. After the discovery of superconductivity in
iron-pnictides in 2008, an intense activity has been devoted to the study of
different compounds on the 122 family (as BaFe2As2) with different types of
substitution. We developed an active synergy between material synthesis and
various advanced experimental techniques on the same samples (Transport,
Mössbauer spectroscopy at CEA-SPEC; NMR, ARPES in collaboration with
LPS-Orsay, Raman spectroscopy in collaboration with LMPQ-Paris 7, optical
measurements with ESPCI-Paris).

Concerning the multiferroics, we achieved to synthesize high quality single
crystals of BiFeO3 and measured its intrinsic polarization at room tempera-
ture in excess of 100 µC/cm2. This record polarization among all ferroelectrics
had been eluding researchers for about 40 years. Using neutron scattering in
the LLB on similar crystals, we evidenced for the first time a strong cou-
pling between magnetic and ferroelectric orders in bulk BiFeO3. We then
demonstrated the significant magnetic exchange between the antiferromag-
netic lattice of BiFeO3 crystals and a soft ferromagnetic layer deposited on
top, which could also be manipulated with the polarization state of the mul-
tiferroic, hence allowing an electric control of the magnetic anisotropy. More
recently we have discovered that BiFeO3 is photostrictive, i.e., it changes size
when illuminated by visible light.
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Optical properties of viscous electron fluids
Davide Forcella1, Jan Zaanen2, Davide Valentinis3, Dirk van der Marel3
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3 Departement de Physique de la Matiere Condensee, Universite de Geneve, 24
quai Ernest-Ansermet, 1211 Geneve 4, Switzerland

Interactions or long-range correlations among the constituents of a system
could appear as collective behaviors of the system itself. An example of this
is the finite viscosity of a fermionic liquid that have been indeed predicted
and measured, for example in the normal state of 3He. Viscosity has also
recently played a major role in the study of charged fluids in high energy
physics. The existence of a small but finite value of the viscosity was funda-
mental to understand the strong coupling phase of certain plasmas formed in
high energy colliders: the quark-gluon plasma. One of us (DF) has shown in
this context [11, 22] that finite viscosity leads to multiple modes of evanescent
electromagnetic waves at a given frequency. For a certain range of frequen-
cies one of these modes is characterized by a negative index of refraction: its
energy flux and phase velocities are in opposite directions. The role of the
viscosity for charged fluids in condensed matter system, and in particular its
effects on the electromagnetic properties of the media, is a quite unexplored
topic. Here we provide the first results on this subject [33], and we concen-
trate on the way in which viscosity is manifested in the optical properties of a
charged fluid. We confirm the possible presence of multiple evanescent waves
and of negative refraction in condensed matter systems. We obtain analytical
expressions for the reflection coefficient of electromagnetic waves at the vac-
uum/fluid interface, and show that the viscosity is manifested by a decrease
of the reflection coefficient. The model requires no particular assumptions
regarding the corpuscular nature of the charge liquid, neither a particular
dependency of viscosity on wave frequency or sample temperature.

[1] A. Amariti, D. Forcella, A. Mariotti and G. Policastro, JHEP 1104, 036 (2011).
[2] A. Amariti, D. Forcella and A. Mariotti, JHEP 1301, 105 (2013).
[3] D. Forcella, J. Zaanen, and D. van der Marel, preprint (2014).
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Semiconducting-to-metallic photoconductivity
crossover and temperature-dependent Drude

weight in graphene
A. J. Frenzel1,2, C. H. Lui1, Y. C. Shin3, J. Kong4, N. Gedik1

afrenzel@mit.eduafrenzel@mit.edu

1Department of Physics, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA.

2Department of Physics, Harvard University, Cambridge, Massachusetts 02138,
USA.

3Department of Materials Science and Engineering, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA.

4Department of Electrical Engineering and Computer Science, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139, USA.

We investigated the transient photoconductivity of graphene at various
gate-tuned carrier densities by optical-pump terahertz-probe spectroscopy.
We demonstrated that graphene exhibits semiconducting positive photocon-
ductivity near zero carrier density, which crosses over to metallic negative
photoconductivity at high carrier density. Our observations are accounted
for by considering the interplay between photo-induced changes of both the
Drude weight and the carrier scattering rate. Notably, we observed multiple
sign changes in the temporal photoconductivity dynamics at low carrier den-
sity. This behavior reflects the non-monotonic temperature dependence of the
Drude weight, a unique property of massless Dirac fermions.
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Universal post-quench dynamics at quantum
critical points

P. Gagel,1 P. Orth,1 and J. Schmalian1,2
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1Institute for Theory of Condensed Matter, Karlsruhe Institute of Technology
(KIT), 76131 Karlsruhe, Germany
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We consider a quench in a system initially located in the vicinity of a quan-
tum critical point and that is suddenly moved to the critical point. In this
regime one finds a universal exponent that is not related to the equilibrium ex-
ponents and that governs the post-quench short time dynamics. We calculate
this exponent for an open quantum system and discuss the implications for
the dynamics of the order parameter and response functions. The approach
demonstrates that quantum-quenches can be efficient tools to manipulate and
study quantum many body systems.
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High-energy branch of the spin-excitation
spectrum of cuprates: impact on quasiparticle and

optical properties in the context of the
spin-fermion model

Dominique Geffroy, Jiri Chaloupka and Dominik Munzar
dominique.geffroy@normalesup.orgdominique.geffroy@normalesup.org

Department of Condensed Matter Physics, Faculty of Science, Masaryk University,
Brno, Czech Republic.

Thomas Dahm and coworkers have shown that the strength of the coupling
of charged quasiparticles of the copper-oxygen planes to spin excitations, in-
ferred from the photoemission (nodal cut) and neutron scattering data of the
high-temperature superconductor YBa2Cu3O(6.6) by using the Eliashberg
theory, is large enough for the coupling to cause high-Tc superconductivity
[1]. The high-energy branch of the spin-excitation spectrum has been found
to play a crucial role in determining the position of the kink in the nodal
dispersion.

We report on results of our study based on an extension of the approach of
[1]. The same treatment of the underlying bare dispersion and the same exper-
imental spectrum of the spin susceptibility involving the high-energy branch
from [1] have been employed, but in contrast to [1], the fully selfconsistent
solution of the generalized Eliashberg equations [2] has been used to describe
the superconducting state. In addition to the quasiparticle properties, the
spectra of the in-plane infrared conductivity have also been calculated and
analyzed.

The profile and magnitude of the calculated conductivity are consistent
with experimental data [3, 4], provided a value of the coupling constant con-
siderably lower than that needed to reproduce the nodal kink and reported
in [1] is used. Possible reasons for this discrepancy will be discussed. Impor-
tant features of the calculated quasiparticle spectra (in particular the kink,
including its angular dependence [5, 6]) and of the calculated optical spectra
(in particular the gap feature) will be presented, and their relation to the
high-energy branch of the spin-excitation spectrum will be discussed.
(1) T. Dahm et al., Nature Physics 5, 217 - 221 (2009).
(2) J. Chaloupka and D. Munzar, Phys. Rev. B 76, 214502 (2007).
(3) J. Hwang et al., Phys.Rev. B 73, 014508 (2006).
(4) S. L. Mirzaei et al., PNAS 10.1073, 1218846110 (2012).
(5) Plumb et al., New Journ. of Phys.15 113004 (2013).
(6) S.H. Hong et al. Physica C 493, 24–27 (2013).
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Strain engineering of EuO thin films ∗∗
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Several years ago, it was demonstrated that biaxial strain can induce the
ferroelectric and ferromagnetic state in epitaxial thin films of EuTiO3, a ma-
terial that is paraelectric and antiferromagnetic in the bulk [11]. We found that
1% tensile strain in EuTiO3/DyScO3 induces ferroelectricity at 250 K and fer-
romagnetism at 4.2 K [11]. Here, we will focus on the study of EuO thin films,
in which first principles calculations [22] predicted the emergence of a multi-
ferroic state under expitaxial strains larger than +4%. Note that bulk EuO
is paraelectric at all temperatures and becomes ferromagnetic below 69 K.
Strained EuO films with ferroelectric and ferromagnetic orders should exhibit
a strong magnetoelectric coupling, much stronger than in most multiferroics
with antiferromagnetic and ferroelectric orders [33].

Direct low-frequency dielectric measurements are impossible due to a leak-
age current present in the strained thin films. Therefore we have used IR
spectroscopy, which is not influenced by electrical leakage. The predicted fer-
roelectric phase transition should be proper and displacive, therefore a strong
soft mode anomaly should be observed at TC .

We have investigated using IR spectroscopy EuO thin films grown by
molecular beam epitaxy on three different substrates leading to three dif-
ferent strain states. We also measured several (EuO)n(BaO)m superlattices
deposited on YAlO3 and Si substrates. The films deposited on yttrium-
stabilized ZrO2 (YSZ) are virtually lattice-matched whereas the films de-
posited on LuAlO3 and YAlO3 are biaxially strained in an anisotropic way
with in-plane tensile strains up to +1.5% and +2.2%, respectively. The EuO
cubic crystal has only one IR active phonon with frequency lying as function
of the sample quality between 180 and 200 cm−1 [44,55]. Stronger phonon shifts
were observed in the EuO/YAlO3. In this case, phonon frequency shifts down
to 149 cm−1 (300 K), with a further softening to 144 cm−1 on cooling to 10
K while in EuO/YSZ and EuO/LuAlO3 a small influence of the strain on
the optical phonon was observed. The strain influence on the soft mode is

∗Support of Czech Science Foundation (Project No. P204/12/1163) is acknowledged.
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smaller than predicted in Ref. [22] which leads to the conclusion that the strain
required to induce the ferroelectric phase induction may also be higher than
the previously predicted 4%.

With increasing strain and film thickness, relaxation of the strain in the
films, e.g. by formation of edge dislocations, becomes more pronounced. In
case of EuO, ultrathin (� 5 nm) films are required to achieve homogeneous
strains higher than 4%. Phonons from such thin films give a very weak signal
in IR spectra. For this reason we have decided to study EuO/BaO superlat-
tices, where the BaO interlayers help to keep the strain. Higher tensile strain
values of almost +5.6% for the EuO layers were obtained in a (EuO)2(BaO)6
superlattice (28 stacks) deposited on silicon. In this case, the EuO layers had
total thickness of 15 nm, and the BaO layers had total thickness of 46 nm and
were compressively strained by -1.6% In case of this sample, we were able to
see two stiffened BaO phonons near 177 (300 K) and 164 cm−1 (10 K) while
the EuO phonon softened from 97 cm−1 (300 K) down to 89 cm−1 (10 K).

We observed a strong influence of strain on the phonon modes in EuO and
(EuO)n(BaO)m superlattices. However, higher strains than 5.6% seem to be
necessary for the induction of ferroelectricity in EuO thin films and super-
lattices. New first-principles calculations that are able to better describe the
experimental situation suggest that strain values above 6% may indeed be suf-
ficient to induce ferroelectricity in (EuO)n(BaO)m superlattices. Deposition
of new EuO/BaO superlattices with higher strain values is in progress.

[1] J.H. Lee et al. Nature, 466, 954 (2010); ibid 476, 114 (2011).
[2] E. Bousquet, N.A. Spaldin et al., Phys. Rev. Lett. 104, 037601 (2010).
[3] W. Eerenstein, N.D. Mathur, J. F. Scott, Nature, 442, 759.
[4] G. Gunthenrodt, Phys. Cond. Matter. 18, 37-78(1974).
[5] J.D. Axe, J. Phys. Chem. Solids, 30, 1403 (1969).
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The upper critical magnetic field of cuprate
superconductors
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Bonn,2, 3 W.N. Hardy,2, 3 R. Liang,2, 3 S. Adachi,4 N.E. Hussey,5 B.
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In the quest to increase the critical temperature Tc of cuprate supercon-
ductors, it is essential to identify the factors that limit the strength of super-
conductivity. The upper critical field Hc2 is a fundamental measure of that
strength, yet there is no agreement on its magnitude and doping dependence
in cuprate superconductors. Owing to its high sensitivity to vortex scatter-
ing, we show that the thermal conductivity κxx can be used to directly detect
Hc2 in the cuprates YBa2Cu3Oy, YBa2Cu4O8 and Tl2Ba2CuO6+?. Using
resistivity measurements in high magnetic fields, we demonstrate that there
is no vortex liquid phase at T = 0, allowing us to map out Hc2 across the
doping phase diagram [1]. It exhibits two peaks, located at dopings p1 =
0.08 and p2 = 0.18, where the Fermi surface of YBa2Cu3Oy is known to un-
dergo a transformation. Below p2, the condensation energy, obtained directly
from Hc2, suffers a sudden 20-fold collapse. This reveals that phase competi-
tion – associated with Fermi-surface reconstruction and charge-density-wave
order - is a key limiting factor in the superconductivity of cuprates. In addi-
tion, we investigate the thermal Hall conductivity κxy in magnetic fields up
to 35 T and show that the Wiedemann-Franz law is satisfied above Hc2 in
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underdoped YBa2Cu3Oy. Thereby demonstrating the Fermi-Liquid normal
state of underdoped cuprates, and moreover confirming no trace of long range
superconductivity above Hc2. This also confirms that the Fermi surface is
dominated by an electron pocket, as inferred from prior Hall [2] and Seebeck
[3] data.

[1] G. Grissonnanche et al., Nature Communications 5, 1380 (2014).
[2] D. LeBoeuf et al., Nature 450, 533 (2007).
[3] F. Laliberté et al., Nature Communications 2, 432 (2011).
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Crystal growth and physical property of
Bi-Sb-Te-Se topological insulator materials, and

Cu-Bi-Se and Sn-In-Te topological
superconductors ∗∗

G.D. Gu, J. Schneeloch, Ruidan, Zhong, Z.J. Xu, T.S. Liu, F.Y. Wang, J.G.
Zhao, Z.H. Pan, H.B. Yang, X.Y. Shi, Q. Li, T. Valla, P. Johnson and J.

Tranquada
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Condensed Matter Physics and Materials Science Department, BNL, USA

AbstractText The discovery of 3D topological insulator materials and
topological superconductor opens up a new research field in the condensed
matter physics. We have grown a number of Bi-Sb-Te-Se topological insu-
lator, and Cu-Bi-Se and Sn-In-Te topological superconductor single crystals.
We have measured the physical properties on these single crystals. We have
studied the effect of growth condition and impurity on the bulk electrical
conductivity of these single crystals. We try to answer two questions for the
topological insulator materials if it is possible to grow the bulk-insulating
topological insulator single crystals and Which maximum resistivity of these
topological insulator single crystals we can grow. For the topological su-
perconductor, we have got the bulk superconducting single crystals with a
maximum Tc = 4.5 K.

∗The work is supported by DOE under contract No. DE-AC02-98CH10886 and in part
by the center for Emergent Superconductivity, at energy Frontier Research Center Funded
by DOE, Office for Basic Energy Science.
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Extraction of Optical Constants Using Multiple
Reflections in the THz Emitter-sample Hybrid

Structure
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Ko,3 and J. S. Lee1

jwh@gist.ac.krjwh@gist.ac.kr

1Department of Physics and Photon Science, Gwangju Institute of Science and
Technology (GIST), Gwangju 500-712, Republic of Korea

2Advanced photonics Research Institute (APRI), Gwangju Institute of Science and
Technology (GIST), Gwangju 500-712, Republic of Korea
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To extract optical constants of non-transmitted samples in the terahertz
(THz) spectral region, we employ a THz emitter-sample hybrid structure
where THz pulses are generated from the emitter and reflected at the emitter-
sample interface. We applied this technique for extracting optical constants
of doped semiconductors and noble metals, and found that obtained results
are in good agreement with literature values or the results obtained by using
other THz techniques. We will introduce details of the experimental set-up
implemented in conventional THz time-domain spectroscopy and the data
extracting algorithm from temporally resolved electric field.
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Broad-band helicity-resolved infrared spectroscopy
of bismuth

Julien Levallois1, Michaël K. Tran1, Jérémie Teyssier1, Ievgeniia Nedoliuk1,
Ctirad Uher2, Dirk van der Marel1 and Alexey B. Kuzmenko1
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Bismuth is a canonical and widely studied semimetal, and yet its elec-
tronic and optical properties keep surprising the research community. Due
to 3D Dirac-like electron dispersion, strong spin-orbit interaction, a possibil-
ity of doping induced topological phase transitions and long mean-free path,
this ‘old’ material is an interesting playground for modern solid-state studies.
We present infrared spectra of reflectivity and magneto-optical Kerr angle of
a high-quality bismuth crystal. We generalize the conventional (zero-field)
Kramers-Kronig analysis to this case and extract the diagonal and the Hall
optical conductivity spectra, as well as the optical conductivity for left- and
right-handed circular polarizations in a broad range of frequencies. This al-
lows us to distinguish the intraband and interband cyclotron resonances in the
electron and hole pockets. With the Kerr angle measurements, we can directly
distinguish between helical (magneto-active) and non-helical transitions. We
present a calculation based on the extended Dirac model for electrons and
parabolic-band model for holes, and critically compare it with the experimen-
tal spectra.
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Charge nematic fluctuations and superconducting
gap in Ba1−xKxFe2As2 probed by Raman scattering
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We report an electronic Raman scattering study of hole doped Ba1−xKxFe2As2
over a wide doping range. In the tetragonal phase we study the development
of charge nematic fluctuations as a function of doping and temperature in the
B1g symmetry channel. At optimal doping (Tc = 38 K), the enhancement of
nematic fluctuations upon lowering temperature is significantly weaker than
in the case of electron optimally doped Ba(Fe1−xCox)2As2 (Tc = 24 K).
The asymmetry in the behavior of nematic fluctuations between electron and
hole doped BaFe2As2 parallels the significantly reduced transport anisotropy
found in the hole doped side [?]. It is also consistent with recent shear mod-
ulus measurements suggesting a reduced impact of nematic fluctuations in
the phase diagram of Ba1−xKxFe2As2. We also report a doping dependence
study of the superconducting gap structure and compare it with the case of
Ba(Fe1−xCox)2As2. The behaviour of the gap across the coexistence region
between magnetism and superconductivity sheds light on the interplay be-
tween both orders.
Y. Gallais et al., Phys. Rev. Lett., 111, 267001 (2013)
E. C. Blomberg et al., Nature Comm., 4, 1914 (2013)
A. E. Bohmer et al., Phys. Rev. Lett., 112; 047001 (2014)
L. Chauvière et al., Phys. Rev. B, 82, 180521 (R) (2010)
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Collective pseudospin precession in a
superconductor NbN driven by sub-gap THz
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Spontaneous gauge-symmetry breaking is hallmarked by an emergence of
collective excitation modes associated with phase and/or amplitude fluctua-
tions of the order parameter ?. The amplitude mode in a superconducting
state, analogous to the Higgs boson, does not directly couple with electro-
magnetic fields in the linear response regime because of the absence of charge
fluctuations. Therefore the collective amplitude mode has evaded detection in
pure s-wave superconductors. With recent advances of ultrafast pump-probe
spectroscopy with intense terahertz (THz) pulse generation techniques, tem-
poral oscillations of the order parameter amplitude with frequency of 2 have
been clearly observed after a nonadiabatic perturbation by a monocycle THz
pulse. However, dynamical behavior of the superconducting state during a
strong THz electric field irradiation remains to be elucidated. Specifically,
the nonlinear interaction between a superconducting state and strong sub-
gap ac electric fields is a highly intriguing subject. Here we study ultrafast
dynamics of the order parameter in a superconductor NbN under multi-cycle
sub-gap THz electric fields by using THz pump-THz probe spectroscopy. In
the nonlinear response regime we reveal that the sub-gap electric field in-
duces the order parameter oscillation with twice the frequency of the THz
field. The result is well described microscopically by collective precession of
the Anderson’s pseudospins driven by the squared vector potential.
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Cryogenic Infrared Nano-Imaging of the
Metal-Insulator Transition in the Canonical Mott

Insulator V2O3
A.S. McLeod1, E. van Heumen2, J.G. Ramirez1, M. Goldflam1, S. Wang1,

T. Saerbeck1, I.K. Schuller1, D.N. Basov1

asmcleod@physics.ucsd.eduasmcleod@physics.ucsd.edu

(1) University of California San Diego
(2) University of Amsterdam

We report on temperature-dependent (20K-300K) near-field infrared imaging
of the canonical Mott insulator V2O3 across its temperature-driven metal-
insulator transition. This was accomplished using a home-built s-SNOM
(scattering-type scanning near-field optical microscope) affording unprece-
dented spatial sensitivity (10 nm resolution) to surface optical properties with
simultaneously acquired AFM topography at cryogenic temperatures. Our
V2O3 thin film is found to exhibit extreme nano-scale electronic heterogeneity
near the Mott transition (170K) from paramagnetic metal to antiferromag-
netic insulator. Through a sequence of near-field infrared images acquired
across the transition, we resolve dynamic spatial correlations and competi-
tion between electronic phases, offering a direct probe of the metal/insulator
fill fraction in strong agreement with macroscopic transport and magnetic
susceptibility. A statistical analysis of our near-field images in comparis on
with X-ray diffraction imply decoupled electronic and structural transitions,
enabling a nano-scale assessment of bandwidth and many-body effects within
our film, while also resolving long-standing controversies surrounding the Mott
physics of V2O3.
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Pressure-Dependent Relaxation in the
Photoexcited Mott Insulator ET–F2TCNQ:
Influence of Hopping and Correlations on
Quasiparticle Recombination Rates ∗∗

M. Mitrano1, G. Cotugno1,2, S. R. Clark3,2, R. Singla1, S. Kaiser1, J.
Stahler4, R. Beyer5, M. Dressel5, L. Baldassarre6, D. Nicoletti1, A.

Perucchi7, T. Hasegawa8, H. Okamoto9, D. Jaksch2,3 and A. Cavalleri1,2
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1Max Planck Institute for the Structure and Dynamics of Matter, Luruper
Chaussee 149, 22761 Hamburg, Germany
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Drive 2, Singapore 117543, Singapore

4Fritz Haber Institute of the Max Planck Society, Faradayweg 4-6, 14195 Berlin,
Germany

51. Physikalisches Insitut, Universita?t Stuttgart, Pfaffenwaldring 57, 70550
Stuttgart, Germany

6Center for Life NanoScience@Sapienza, Istituto Italiano di Tecnologia, V.le
Regina Elena 291, 00185 Rome, Italy
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8National Institute of Advanced Industrial Science and Technology (AIST),
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We use ultrafast reflectivity measurements under pressure to investigate
the quasiparticle recombination in a photoexcited Mott insulator as func-
tion of bandwidth (t) and electronic on- and inter-site interaction energies
(U, and V) [11]. Our measurements are performed on bis-(ethylendithyo)-
tetrathiafulvalene-difluorotetracyano-quinodimethane (ET-F2TCNQ), a room-
temperature quasi-1D half filled Mott insulator (U/t 20) with weak electron

∗We thank P. Di Pietro and A. Dengl for technical support in the equilibrium optical
measurements and M. Eckstein for fruitful discussions. This research has been funded by the
European Research Council under the European Union’s Seventh Framework Programme
(FP7/2007- 2013)/ERC Grant Agreement No. 319286. D.J. and S. R. C. thank the National
Research Foundation and the Ministry of Education of Singapore for support.
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phonon coupling [22,33]. It has been previously shown that photoexcitation in-
duces a metallic state due to spin-charge separation [33]. Probing the coherent
evolution of the photoinduced double occupancies (doublons) and empty sites
(holons) reveals the importance of nearest neighbour interactions. Quantum
interference along different excitation path between bound and free holon-
doublon pair states takes place during the melting of the Mott insulating
state [44]. Here we investigate the influence of the relative electronic interac-
tions on the relaxation of the photo-induced metal back into the Mott insu-
lator. We apply external pressure in order to tune the electronic bandwidth
t and nearest neighbour interaction V. Broadband reflectivity measurements
under pressure of the Mott gap and charge transfer band reveal the full equi-
librium optical response. From that we were able to extract effective U, V,
and t parameters by fitting the optical spectra with an extended Hubbard
Model. The photo-doping dynamics is measured in a pump probe experi-
ment. We excite quasiparticles with a short laser pulse tuned resonant to the
charge transfer band and measure the lifetime of the photo-excited state of
holons and doublons with a subsequent time-delayed laser pulse [1,3,4]. We
find that their recombination takes place via local interactions with a dissipa-
tive bath, likely intramolecular vibrations. As we increase the pressure, the
recombination accelerates and for each pressure value we can connect the rates
to the previously extracted interaction parameters U, V, t. Simulating this
recombination dynamics using a time dependent effective multiple site Hub-
bard model suggests a competition between the local recombination of bound
holon-doublon pairs and the delocalization of holons and doublons right after
photoexcitation. Both these processes are found to be highly dependent on
the relative ratios among the U, V, and t electronic parameters. Through this
connection between electronic interactions and non-equilibrium response, our
experiments provide a deeper insight into the non-equilibrium dynamics of
Mott insulators and constitute a valuable test-bed for new theoretical work
in this growing and interesting field.

[1] M. Mitrano et al., Phys. Rev. Lett. 112, 117801 (2014)
[2] T. Hasegawa et al. , Solid State Comm. 103, 489 (1997)
[3] H. Okamoto et al., Phys. Rev. Lett. 98, (2007)
[4] S. Wall et al., Nat Phys 7, 114 (2011)
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A hierarchy of bound states in the 1D
ferromagnetic Ising chain CoNb2O6 investigated by

high resolution time-domain terahertz
spectroscopy ∗∗

C. M. Morris1, R. Valdés Aguilar1,2, A. Ghosh1, S. M. Koohpayeh1, J.
Krizan3, R. J. Cava3, O. Tchernyshyov1, T. M. McQueen1,4, N. P. Armitage1
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1 The Institute for Quantum Matter, Department of Physics and Astronomy, The
Johns Hopkins University, Baltimore, MD 21218, USA 2 Center for Integrated
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87545 3 Department of Chemistry, Princeton University, Princeton, NJ 08544,
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Kink bound states in the one dimensional ferromagnetic Ising chain com-
pound CoNb2O6 have been studied using high resolution time-domain tera-
hertz spectroscopy in zero applied magnetic field. When magnetic order de-
velops at low temperature, nine bound states of kinks become visible. Their
energies can be modeled exceedingly well by the Airy function solutions to a
1D Schrödinger equation with a linear confining potential. This sequence of
bound states terminates at a threshold energy near two times the energy of
the lowest bound state. Above this energy scale we observe a broad feature
consistent with the onset of the two particle continuum. At energies just be-
low this threshold we observe a prominent excitation that we interpret as a
novel bound state of bound states – two pairs of kinks on neighboring chains.

∗The THz measurements and instrumentation development was funded by the Gordon
and Betty Moore Foundation through Grant GBMF2628 to NPA. The crystal growth and
theoretical work was funded by the DOE-BES through DE-FG02-08ER46544.
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Pseudospin S = 1 description of the cuprate
complexity: ground state, phase diagrams, and

excitations ∗∗

Alexander Moskvin
alexander.moskvin@urfu.rualexander.moskvin@urfu.ru

Ural Federal University, Department of Theoretical Physics, Ekaterinburg, Russia

A large body of experimental data points towards a charge transfer insta-
bility ofparent insulating cuprates to be their unique property [11]. We intro-
duce a minimal model for 2D cuprates with the on-site Hilbert space reduced
to only three effective valence centers [CuO4]7−,6−,5− (nominally Cu1+,2+,3+)
and make use of the S = 1 pseudospin formalism and familiar spin alge-
bra. Effective spin-pseudospin Hamiltonian does incorporate all the on-site
and inter-site meaningful couplings. All the charged and neutral excitations
in the pseudospin systems are related with Sz = +1 (hole creation) and
Sz = −1 (electron creation) (pseudo)magnons or (pseudo)bimagnons with
Sz = 0, Sz = +2, and Sz = −2. The 2D pseudospin system is prone to a
topological phase separation, in particular, to creation of the Mott skyrmion-
like excitations which form a topologically protected inhomogeneous distribu-
tion both the of conventional spin density and eight local pseudospin order
parameters including charge density and superfluid order parameters. We
suppose that both thermally activated skyrmions and skyrmions pinned on
the impurity centers associated with a nonisovalent substitution are present
in doped cuprates such as La2-xSrxCuO4. The conventional spin degree of
freedom seems to play merely negative effect in high-Tc superconductivity due
to anticorrelation or intertwinning effects of spin and charge/superconducting
degrees of freedom. Despite its seeming simplicity the model is believed to
capture the salient features both of the hole- and electron-doped cuprates. The
pseudospin formalism elucidates an unique fermion-boson duality of the doped
cuprates, does provide an unified standpoint for classification of the "myriad"
of electronic phases in cuprates and the evolution of the CuO2 planes under a
nonisovalent doping, introduces the on-site mixed valence quantum superpo-
sitions and order parameters to be novel features of the cuprate physics, does
provide a comprehensive description of the correlated one- and two-particle
transport, coexistence of p- and n-type carriers, electron-hole asymmetry, an-
ticorrelation of conventional spin, charge, and superconducting order param-
eters. Concept of the electron and hole centers, differing by a composite local

∗The RFBR grant No. 12-02-01039 is acknowledged for providing financial support.
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boson, and electron-hole pairing are shown to explain central points of the
cuprate puzzles, in particular, the HTSC itself, pseudogap, and Fermi surface
reconstruction. Model of the charge triplets is believed to provide a self-
consistent description both for the normal and superconducting states of the
cuprates based on physically clear, fundamental assumptions.

[1] A.S. Moskvin, Phys. Rev. B 84, 075116 (2011); J. Phys.: Condens. Matter, 25, 085601
(2013).
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Waterfalls and resillient quasiparticles in
ruthenates

J. Mravlje1,2 and A. Georges2,3,4
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Few years ago there was a burst of theoretical activity spurred-on by
ARPES experiments on cuprates that revealed occurence of high-energy anoma-
lies (near vertical, waterfall-like dispersions). Very recently, similar behavior
was found experimentally in Sr2RuO4, too. We considered Sr2RuO4 within
the dynamical mean-field theory. The calculated ARPES spectra are in ex-
cellent agreement with the observed ones. As other experimental quantities
that we calculated are also in excellent quantitative agreement with experi-
ment, the origin of the waterfall is to be attributed to the local correlations.
The calculated self-energies have pronounced particle-hole asymmetry. On
the unoccupied side, the relatively long-lived strongly dispersing states are
found at 0.2eV above the Fermi energy. The consequences of these "resil-
lient quasiparticle" excitations for the recently observed optical spectra are
discussed.
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Study of spin-orbit effects in the Mott-Hubbard
metal-insulator transition

O. Najera, M. Rozenberg
najera.oscar@gmail.comnajera.oscar@gmail.com

LPS- Université Paris Sud

The spin–orbit interaction, although usually considered as a small rela-
tivistic correction, has indeed shown to be able to drive systems into new
states of matter, like the topological insulators, whose nature has remained
unnoticed up to now. An interesting question, recently arising in the context
of 5d-electron system (like Sr2 IrO4), is whether the spin-orbit interaction
may also act in conjunction or competition with the Mott strong correlation
and determine unusual ground-state properties.

In this work a three-orbital Hubbard model is taken as playground to
study 5d-electron physics. We map the phase-diagram as a function of the
spin-orbit and electronic correlation within the framework of the slave-spins
mean-field approximation. The out coming behaviour is used to cast some
light over the physical behaviour of Sr2IrO4
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Low energy electrodynamics of novel spin
excitations in the quantum spin ice Yb2Ti2O7
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In condensed matter systems, the establishment of long range order (LRO)
with broken symmetry is often accompanied by new types of excitations. How-
ever, in many magnetic pyrochlore oxides, geometrical frustration suppresses
the formation of conventional LRO while at the same time non-trivial spin
correlations are observed. For such materials, a natural question to ask then
is what is the nature of the excitations in this highly correlated state without
broken symmetry? Frequently the application of a symmetry breaking field
can stabilize excitations whose properties reflect certain aspects of the anoma-
lous state without long-range order. Here we report evidence of novel mag-
netic excitations in the quantum spin ice material Yb2Ti2O7, obtained from
time-domain terahertz spectroscopy (TDTS). At large fields, both magnon
and two-magnon-like excitations are observed in a <001> directed magnetic
field. The unique ability of TDTS to measure complex response functions
allows a direct study of magnetic responses in different polarization channels,
revealing the existence of an unusual left-hand polarized magnon states. In
the low-field limit, we observe a cross-over of these one and two-magnon states
into features consistent with the quantum string-like excitations proposed to
be present in the quantum spin ice in a <001> applied field.

∗This work at JHU was supported by the Gordon and Betty Moore Foundation through
Grant GBMF2628 to NPA and the DOE through DE-FG02-08ER46544. The crystal growth
work at McMaster was supported by NSERC.
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TeraFERMI - The THz beamline of the FERMI
Free-Electron-Laser
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Svetina2, M. Veronese2, and S. Lupi3
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Trieste, Italy
3) CNR-IOM and Department of Physics, Sapienza University of Rome, P.le A.
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TeraFERMI is the THz beamline for pump-probe studies on the femtosec-
ond time-scale, to be constructed at the FERMI Free Electron Laser (FEL)
facility in Trieste (Italy). The beamline will make use of the coherent radia-
tion emitted by the electrons already spent from the FEL undulators, before
being damped. This will result in short, coherent, high power THz pulses
to be used as a “pump” beam, in order to modulate structural properties of
matter, thereby inducing phase transitions. The intense THz pulses are also
associated with a remarkably large transient magnetic field, to be used for
controlling and manipulating magnetic states of matter. The modifications
produced to the ionic and magnetic structures and the corresponding changes
induced in the electronic properties will be probed by means of infrared spec-
troscopy from THz to visible. The domains of application of TeraFERMI will
cover very different fields from solid-state physics to biochemistry. We dis-
cuss here the choice of the source, the optical layout as well as the expected
performances of the novel TeraFERMI beamline.
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Combined Raman scattering and TEM study of
suspended graphene

E. Riccardi, Y. Gallais, D. Alloyeau, M. Cazayous, M. A. Méasson, G.
Wang, C. Ricolleau, A. Sacuto
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The electronic, thermal and mechanical properties of graphene are excep-
tionally sensitive to lattice imperfections and doping. In our work we combine
HRTEM and micro-Raman investigations on the same micron large area of
CVD grown graphene sample suspended on TEM grid. Our work allows a
deeper undertanding of the evolution of the Raman spectrum with disorder
and dopants such as Nitrogen. We will also show complementary Raman
spectroscopy results on electronic properties of suspended graphene transis-
tor devices produced by transfer of exfoliated graphene flakes.
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Directional Dichroism of THz Radiation at
Elevated Temperatures in the Paraelectric and
Paramagnetic State of Multiferroic Sr2CoSi2O7
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toomas.room@kbfi.eetoomas.room@kbfi.ee
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Directional dichroism is the property of material to have different absorp-
tion coefficient for counterpropagating light beams. Recently strong direc-
tional dichroism has been found in the THz spectral range of light in mul-
tiferroic materials with magnetic and charge order [11–55]. In these materials
the collective magnetic excitations, spin waves, are coupled to charge oscil-
lations, similarly to dc magnetoelectric effect where the coupling is between
static magnetization M and electric polarization P . Because of optical (ac)
magnetoelectric coupling the spin wave acquires electric dipole activity and
interacts not only with magnetic (B) component but as well with electric
(E) component of THz radiation. In theory, one-way transparency is possible
when there is no absorption of light travelling in one direction and light is
absorbed strongly when travelling in the opposite direction. The condition of
one-way transparency requires certain balance between electric and magnetic
dipole activity of a given spin wave resonance and some of the multiferroics
belonging to åkermanite family, Ba2CoGe2O7, Ca2CoSi2O7 and Sr2CoSi2O7,
are not far from the ideal case of one-way transparency [55]. Since the condition
of one-way transparency is sensitive to the direction of applied magnetic field
the directional light switch can be realized 1. However, the simultaneous mag-
netic and charge order in materials with strong directional dichroism happens
well below the room temperature rendering their use in device applications
impractical.

The recent study of multiferroic Sr2CoSi2O7 has demonstrated that the
dc magnetoelectric effect re-appears in strong magnetic field above the mag-
netic ordering temperature [66, 77]. Electric polarization was induced by ap-
plied magnetic field even at room T although the magnetic ordering T of
Sr2CoSi2O7 is as low as TN = 7K. As was pointed out by Akaki et al. [66]
the microscopic mechanism of magnetoelectric coupling in Ba2CoGe2O7 and
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Sr2CoSi2O7 is different than other known mechanisms, spin-current [88,99] and
exchange striction [1010]. It does not depend on the relative angle of adjacent
spins and therefore the electric polarization is induced at a single spin site be-
cause of hybridization of electron orbitals of magnetic ion and ligands [1111,1212].

Here in this paper we present the results of directional dichroism studies
of Sr2CoSi2O7 in the THz spectral range and in magnetic fields up to 17T.
We show that the directional dichroism, the hallmark of optical magneto-
electric effect, is present well above the magnetic ordering temperature when
sufficiently strong magnetic field is applied and explain it with the theory of
magnetoelectric effect in the paramagnetic phase.

[1] I. Kézsmárki, N. Kida, H. Murakawa, S. Bordács, Y. Onose, and Y. Tokura, Phys. Rev.
Lett. 106, 057403 (2011).

[2] S. Bordács, I. Kézsmárki, D. Szaller, L. Demkó, N. Kida, H. Murakawa, Y. Onose, R.
Shimano, T. Rõõm, U. Nagel, S. Miyahara, N. Furukawa, and Y. Tokura, Nature Physics
8, 734 (2012).

[3] Y. Takahashi, R. Shimano, Y. Kaneko, H. Murakawa, and Y. Tokura, Nature Physics 8,
121, (2012).

[4] Y. Takahashi, Y. Yamasaki, and Y. Tokura, Phys. Rev. Lett. 111, 037204 (2013).
[5] I. Kézsmárki, D. Szaller, S. Bordács, H. Murakawa, Y. Tokura, H. Engelkamp, T. Rõõm,

and U. Nagel, to appear in Nature Communications (arXiv:1310.0789).
[6] M. Akaki, H. Iwamoto, T. Kihara, M. Tokunaga, and H. Kuwahara, Phys. Rev. B 86,

060413 (2012).
[7] M. Akaki, T. Tadokoro, T. Kihara, M. Tokunaga, and H. Kuwahara, J. Low Temp. Phys.

170, 291, (2013).
[8] Hosho Katsura, Naoto Nagaosa, and Alexander V. Balatsky, Phys. Rev. Lett. 95, 057205

(2005).
[9] Maxim Mostovoy, Phys. Rev. Lett. 96, 067601 (2006).

[10] I. A. Sergienko and E. Dagotto, Phys. Rev. B 73, 094434 (2006).
[11] Taka-hisa Arima, J. Phys. Soc. Jpn. 76, 073702 (2007).
[12] J. H. Yang, Z. L. Li, X. Z. Lu, M.-H. Whangbo, Su-Huai Wei, X. G. Gong, and H. J. Xiang,

Phys. Rev. Lett. 109, 107203 (2012).
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Time-Resolved THz Spectroscopy of
Charge-Density Waves in Blue Bronze (K0.3MoO3)
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We present the first time-resolved optical-pump/THz-probe study of the
one-dimensional conductor blue bronze in the insulating state below the Peierls
transition at 180 K. We detect the transient changes of the reflectivity of THz
pulses covering the spectral range 0.3 – 2.7 THz following strong excitation of
the single-crystalline sample by 100-fs optical pulses at 775 nm (pump pulse
fluences of one to several hundred µJ/cm2). The measurements allow us to
derive pump-pulse-induced complex ac conductivity changes in the THz spec-
tral range. Although the amplitude mode of the charge-density waves (CDWs)
at 1.7 THz is expected to be only Raman-active, we can derive a pronounced
ac conductivity change of this mode from the THz data together with simi-
lar signatures of neighboring zone-folding modes (at 2.25 and 2.7 THz). The
infrared activity of the amplitude mode may be a result of interactions with
impurities, for which evidence has also been found in Raman studies [11], and
which may break the Ag symmetry. A weak increase of the spectrally broad
background conductivity is likely to result from the pump-pulse-induced rise
of the lattice temperature; the increase of the conductivity occurs within the
first picosecond and remains fairly constants thereafter over the time range
( 70 ps) probed in the measurements. In the past, the temporal evolution of
the amplitude mode following (partial) photo-induced destruction of the CDW
state has been investigated by all-optical measurements, tracing the pump-
induced coherent modulations observed on the transient reflectivity signal of
optical probe pulses [22–44]. While the precise origin of the reflectivity oscilla-
tions at the frequencies of the amplitude CDW mode and of phonon modes is
still somewhat speculative, they are usually assigned to pump-pulse-generated
coherent population density enhancements whose decay is monitored by the
all-optical measurements. In contrast, the analysis of the imaginary part of
our THz-reflectivity-change data indicates that we observe a decrease of the
ac conductivity at 1.7 THz, 2.2 and 2.7 THz and its subsequent recovery, as
one would expect it to occur for a partial destruction and re-formation of the
CDW state. Transient THz-reflectivity and optical-reflectivity measurement
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thus provide complementary information on CDW physics. While a number
of features concerning the dynamics of the amplitude mode are found to be
quite similar, the THz and the optical experiments differ with respect to one
aspect: The transient THz conductivity reveals an additional modulation of
the amplitude of the 1.7-THz signal during the first few picoseconds. Re-
cent theoretical work has described the dynamics of the amplitude mode on
femto- and picosecond time scales in the framework of a phenomenological
Ginzburg-Landau theory [44] and with a microscopic theory with a mean-field
description of electronic correlations [55]. Important aspects of the optical
reflectivity change measurements could be reproduced. A characteristic fea-
ture of both theoretical treatments is a complex relaxation kinetics resulting
from the cooperativity of electron and lattice degrees of freedom, which leads
to non-exponential and even non-monotonic relaxation behavior of the order
parameter and a strong dependence on the excitation fluence. We currently
explore whether the modulation of the THz conductivity of the amplitude
mode can be explained in the framework of this theories.

[1] Nishio et al., Solid State Commun. 116, 7 (2000).
[2] Sagar et al., J. Phys.: Condens. Matter 19, 346208 (2007).
[3] Schaefer et al., Phys. Rev. Lett. 105, 066402 (2010).
[4] Yusupov et al., Nature Phys. 6, 681 (2010).
[5] Lee et al., Phys. Rev. B 84, 195109 (2011).
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Spin-orbit coupling in RuCl3: Evidence for a
relativistic Mott insulator on the honeycomb
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2Canadian Light Source

3Boston College

Spin-orbit coupling in correlated electron systems has attracted significant
interest as of late due to the possibility of realizing a variety of exotic electronic
phases[1]. A notable example is the suggestion that the combined action of
spin-orbital entanglement and Mott physics on the honeycomb lattice could
realize the Kitaev model and therefore a quantum spin liquid ground state[2].
With this in mind, we have studied the electronic structure of the honeycomb
magnet RuCl3 using optical and x-ray spectroscopies together with density
functional theory. A comparison of the calculated band structure and the
optical data shows that this material is a relativistic Mott insulator and that
spin-orbit coupling plays a decisive role in determining the electronic struc-
ture. The importance of spin-orbit coupling is further confirmed by x-ray
absorption spectroscopy. Taken together, these considerations suggest that
RuCl3 is a promising system in which to investigate Kitaev physics. Indeed,
our Raman scattering experiments have detected unusual magnetic excita-
tions in this material, hinting at an unconventional magnetic ground state.
(1) Witczak-Krempa et al., arXiv:1305:2193 (2013)
(2) Chaloupka et al. Phys. Rev. Lett. 105, 027204 (2010)
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Room temperature electrically tunable terahertz
Faraday effect in a topological insulator ∗∗

A. Shuvaev1, A. Pimenov1, G. V. Astakhov2, M. Mühlbauer2, C. Brüne2,
H. Buhmann2, L. W. Molenkamp2

shuvaev@ifp.tuwien.ac.atshuvaev@ifp.tuwien.ac.at

1Vienna University of Technology, Austria
2 Universität Würzburg, Germany

AbstractText We demonstrate electrical control of the room temperature
Faraday effect in a 100-nm-thick film of strained HgTe, which is a topological
insulator. A high carrier mobility together with unusual gate voltage depen-
dences of the conductivity and cyclotron resonance unambiguously indicate
that the terahertz (THz) response of our device is dominated by the carriers
in the topological surface state. The electrical control is achieved by gating
the carrier density in a static magnetic field, opening new perspectives for
the application of topological insulators as high-speed amplitude and phase
modulators in the THz frequency range.

∗We thank G. Tkachov and E. Hankiewicz for valuable discussions. This work was
supported by the by the German Research Foundation DFG (SPP 1285, FOR 1162) the
joint DFG-JST Forschergruppe on ’Topological Electronics’, the ERC-AG project ’3-TOP’,
and the Austrian Science Funds (I815-N16).
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Spin and lattice excitations in BiFeO3 ceramics
compared with epitaxial thin film of

BiFeO3/TbScO3
∗∗

S. Skiadopoulou1, V. Goian1, C. Kadlec1, F. Kadlec1, B. Dkhil2, C.
Adamo3, D.G. Schlom3,4 and S. Kamba1

stella@fzu.czstella@fzu.cz

1Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech
Republic

2Laboratoire SPM, Ecole Centrale Paris-CNRS, France
3Cornell University, Ithaca, New York, USA

4Kavli Institute at Cornell for Nanoscale Science, Ithaca, New York, USA

We investigated infrared reflectivity and time-domain THz transmission
spectra of BiFeO3 ceramics and an epitaxial thin film. The ceramics were
measured at temperatures from 10 to 900 K, the thin film was studied only
below room temperature. In the ceramic samples, we observed all 13 polar
phonons (4A1 + 9E symmetries) allowed by the factor group analysis in the
rhombohedral R3c space group. Their transverse frequencies are similar to
those reported by Kamba et al. in 2007 [11]. Nevertheless, the intensities
of the reflection bands are much higher than in Ref. [11], giving evidence that
the longitudinal phonon frequencies (and therefore the Born effective charges)
are higher than in the previous report. Thanks to this fact, the static per-
mittivity at 10 K is more than 50, significantly more than the value of 25
published in Ref. [11]. This discrepancy is probably created by a high poros-
ity of the previously studied ceramics, which caused diffuse scattering of the
infrared beam and effectively deteriorated the mirror reflectivity. Phonons ex-
hibit small softening on heating and due to the Lyddane-Sachs-Teller relation
the static permittivity slightly increases with increasing temperature. The
epitaxial (001) BiFeO3 film with a thickness of 300 nm was deposited on or-
thorhombic (110) TbScO3 substrate. It exhibits ferroelastic and ferroelectric
stripe domains separated by (010) vertical domain walls [22]. The directions
of spontaneous polarization in adjacent domains are rotated by 109◦. Thanks
to this, all 13 polar phonons are allowed in the infrared spectra in contrast
to (010)cub single-crystalline infrared spectra published by Lobo et al. [33],
who observed only 9 E-symmetry modes. Some phonon frequencies in the
thin film exhibit a remarkable increase in comparison to the bulk ceramics

∗Support of Czech Science Foundation (Project No. P204/12/1163) is acknowledged
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and single crystal. This cannot be easily explained only by the ∼ 0.2% com-
pressive strain present in the film. Possible reasons for the phonon frequency
shifts will be discussed. Time-domain THz transmission spectra of the thin
film do not show any magnetic excitations because of a low interaction with
the radiation. By contrast, the THz spectra of ceramics reveal 6 magnons
which soften on heating. Their damping is much larger than that reported
recently by Nagel et al. [44] in a BiFeO3 single crystal. This is probably due
to the unpolarized character of our THz spectra and to a limited resolution
(∼ 0.7 cm−1) of our THz spectrometer.

[1] S. Kamba, D. Nuzhnyy, M. Savinov, J. Šebek, J.Petzelt, J. Prokleška, R. Haumont, J.
Kreisel, Phys. Rev. B 75, 024403 (2007).

[2] C.M. Folkman, S.H. Baek, H.W. Jang, C.B. Eom, C.T. Nelson, X.Q. Pan,Y.L. Li, L.Q.
Chen, A. Kumar, V. Gopalan, and S.K. Streiffer, Appl. Phys. Lett. 94, 251911 (2009).

[3] R.P.S.M. Lobo, R.L. Moreira, D. Lebeugle and D. Colson, Phys. Rev. B 76, 172105 (2007).
[4] U. Nagel, R.S. Fishman, T. Katuwal, H. Engelkamp, D. Talbayev, Hee Taek Yi, S.-W.

Cheong, and T. Rõõm, Phys. Rev. Lett. 110, 257201 (2013).
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Thz excitations of several magnetoelectric
(multiferroic) compounds under strong magnetic

field
R. Sopracase1, N.E. Massa 2, L. del Campo3, K. Holldack4, V. Ta Phuoc1,

M.J. Martínez-Lope5,and J.A. Alonso5

rodolphe.sopracase@gmail.comrodolphe.sopracase@gmail.com

1GREMAN-Université de Tours, Tours, France
2LANAIS EFO-CEQUINOR, UNLP, La Plata, Argentina

3CNRS-CEMHTI, Orléans, France
4HZB, BESSY II, Berlin, Germany

5ICMM-CSIC, Madrid, Spain

We have studied the absorbance of many magnetoelectric (multiferroic)
compounds (orthorhombic and hexagonal ABO3; A=Pr, Er,Nd,Lu,Mn,Sm;
B=Mn,Cr,Fe,Ni) in the THz range in function of temperature and magnetic
field. As some compounds present no absorption in that range, other exhibit
strong absorbing lines with often deep changes (shifting, splitting, ...) as the
consequence of the field or some internal (structural, magnetic, ...) reordering.
We interpret these excitations as crystal-field transitions and hybrid magnetic
states.
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Theory of nonlinear phononics for coherent
light-control of solids

Alaska Subedi,1 Andrea Cavalleri,2 and Antoine Georges1
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1Ecole Polytechnique,Palaiseau, France
2MPSD, Hamburg, Germany

The use of light to control the structural and electronic properties of solids
is an area of great interest for both basic research and potential applications.
I will present our recent work on a microscopic theory for ultrafast control
of solids with high-intensity Tera-Hertz frequency optical pulses. Our theory
predicts the dynamical path taken by the crystal lattice using first principles
calculations of the energy surface and classical equations of motion, as well
as symmetry considerations. We identify two classes of dynamics. In the
perturbative regime, displacements along the normal mode coordinate of the
symmetry preserving Raman active mode can be achieved by cubic anhar-
monicities. This explains the light-induced insulator-to-metal transition in
manganites observed experimentally. Furthermore, we predict a new regime
in which ultra-fast instabilities that break crystal symmetry can be induced.
This non-perturbative effect involves a quartic anharmonic coupling and oc-
curs above a critical threshold below below which the nonlinear dynamics of
the driven mode displays softening and dynamical stabilization.
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Microwave measurements on superconductors at
mK temperatures: heavy-fermion CeCu2S2 versus

conventional superconductors
M. Thiemann1, M. Scheffler1, M. Dressel1, S. Seiro2, C. Geibel2, F. Steglich2
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11. Physikalisches Institut, Universität Stuttgart, Germany
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Microwave measurements on superconductors can reveal the temperature
dependence of the penetration depth, which can indicate the presence of nodes
in the superconducting gap function. While numerous superconductors have
been studied with microwaves at 4He temperatures, few such experiments
are documented at mK temperatures, performed in dilution refrigerators.
CeCu2S2 is a heavy-fermion superconductor with critical temperature Tc ≈
0.6 K. Though CeCu2S2 for a long time was believed to be a d-wave super-
conductor, at present it is under debate whether its order parameter features
nodes or not.[1] Therefore, we have performed microwave measurements to
study the penetration depth, but we address the microwave surface resistance
as well. To be able to probe superconducting bulk samples at mK tempera-
ture, we have developed a new experimental approach based on superconduct-
ing stripline resonators.[2] We evaluate the performance of this technique at
temperatures down to 30 mK by studying two conventional superconductors,
namely zirconium (Tc similar to that of CeCu2S2) and iridium (Tc ≈ 0.1 K).
Comparing our data on the penetration depth of a CeCu2S2 single crystal
with that of zirconium, we find evidence for an unconventional temperature
dependence of the penetration depth in CeCu2S2, which shall be discussed
in the context of the different order parameters proposed for this compound.
Furthermore, we discuss the microwave surface resistance of CeCu2S2 within
the context of unconventional charge dynamics that heavy fermions exhibit
already in the metallic state.
(1) S. Kittaka et al., Phys. Rev. Lett. 112, 067002 (2014).
(2) D. Hafner, M. Dressel, and M. Scheffler, Ref. Sci. Instrum. 85, 014702
(2014).
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ARPES study of the doping evolution of the
strong spin-orbit insulator Sr3Ir2O7

A. de la Torre1, A. Subedi2, E.C. Hunter3, S. McKeown Walker1, A.
Tamai1, R. Perry3, A. Georges2 and F. Baumberger1

alberto.delatorre@unige.chalberto.delatorre@unige.ch

1 DPMC, University of Geneva, 24 quai Ernest-Ansermet, 1211 Geneva-4,
Switzerland

2 Centre de Physique Théorique (CPHT), École Polytechnique, 91128 Palaiseau
Cedex ,France

3 University of Edinburgh, Old College, South Bridge, Edinburgh EH8 9YL, United
Kingdom

The insulating ground state of the layered perovskite iridates is often de-
scribed in a single band jeff = 1/2 Hubbard model [11, 22]. Iridates were
thus proposed as analogues to the cuprates and as such, a potential plat-
form for engineering high-temperature superconductivity [22]. Yet, little is
known about their doping evolution. Here, we present an Angle Resolved
Photoemission (ARPES) study of stoichiometric insulating Sr3Ir2O7 [33] and
lanthanum doped Sr3(1−x)La3xIr2O7. We find that samples with La con-
centrations above 3% show a quasiparticle-like band dispersion around the
“nodal” (π,π)-direction of the undistorted Brillouin Zone and a strong sup-
pression of spectral weight along (π,0). Yet, unlike in cuprates, the Fermi
surface of doped Sr3Ir2O7 consists of closed, lens-shaped pockets. Moreover,
it is qualitatively reproduced by band structure calculations that do not treat
correlations explicitly. This suggests that Sr3Ir2O7 does not behave funda-
mentally different from a doped narrow gap semiconductor and that corre-
lations play a secondary role only, merely leading to moderate inter-orbital
charge transfer and a renormalization of Fermi velocities.

[1] B.J. Kim et al, Phys. Rev. Lett 101, 076402 (2008)
[2] F. Wang and T. Senthil, Phys. Rev. Lett. 106, 136402 (2011)
[3] P.D.C King et al, Phys. Rev. B. 87, 241100(R) (2013)
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Driving the spins in BiFeO3 single crystals with
hydrostatic pressure

Constance Toulouse1, Jonathan Buhot1, Yann Gallais1, Alain Sacuto1, Anne
Forget2, Dorothée Colson2, Rogerio de Sousa3, Dawei Wang4, Laurent

Bellaiche5, Marie-Aude Méasson1 And Maximilien Cazayous1

constance.toulouse@univ-paris-diderot.frconstance.toulouse@univ-paris-diderot.fr

(1) Université Paris Diderot - Paris 7, Laboratoire Matériaux et Phénomènes
Quantiques, UMR 7162 CNRS, Paris, France

(2) CEA Saclay, DSM/DRECAM/SPEC, Service Physique de L’Etat Condensé,
Gif-sur-Yvette, France

(3) University of Victoria, Department of Physics and Astronomy, Victoria, B.C.,
Canada

(4) Xi’an Jiaotong University, Electronic Materials Research Laboratory - Key
Laboratory of the Ministry of Education, and International Center for Dielectric

Research, Xi’an, China
(5) University of Arkansas, Physics Department and Institute for Nanoscience and

Engineering, Fayetteville, Arkansas, USA

BiFeO3 exhibits ferroelectric and magnetic orders at room temperature,
which makes it an ideal candidate for spintronics, electro-optics and data
storage applications [1]. Most of its properties are related to its ferroelec-
tric character, especially studied under electric or magnetic fields [2]. The
antiferromagnetism hasn’t been extensively investigated in particular under
pressure. Here, we bring insight into the rich spin physics of BiFeO3 in a de-
tailed study of the dynamic magnetic response of BiFeO3 bulk under pressure.
The magnetic and structural properties are tracked simultaneously by Raman
spectroscopy under pressure up to 20 GPa. Thanks to the Raman set-up we
developed, we have been able to measure the spins excitations down to 0.6
meV. Following the phonon modes, we observe four structural phase transi-
tions occurring around 3, 5, 8 and 11 GPa, respectively, from R3c to Pmna
through three orthorhombic phases. These results are consistent with previ-
ous studies [3] and are supported by our effective Hamiltonian simulations.
Below TNéel=640K, BiFeO3 exhibits an incommensurate antiferromagnetic
cycloidal spin order with wavelength ?=62 nm. The cycloidal modulation
results in a specific magnonic response with two types of magnon modes cor-
responding to excitations in and out of the cycloid plane. These excitations
are associated to several peaks at low energy in the Raman spectra. Increas-
ing the hydrostatic pressure, the energies of these peaks shift and converge
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towards two distinct values at the first structural transition. These measure-
ments and the associated simulations show that a 2nd order transition from
a cycloidal spin order to a canted antiferromagnetic state takes place in the
R3c structure. Such a magnetic transition is also observed in BiFeO3 thin
films for compressive epitaxial strain [4]. Whereas for thin films, we have only
access to discrete misfit strain accordingly to the substrate, the hydrostatic
pressure allows, here, a continuous tuning of the spin state.
(1) W. Eerenstein et al., Nature 442, 759 (2006)
(2) G. Catalan et al., Advanced Materials 21, 2463–2485 (2009)
(3) M. Guennou et al., Physical Review B 84, 174107 (2011)
(4) D. Sando et al., Nature Materials 12, 7 (2013)
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Infrared- and Raman-Spectroscopy Measurements
of a Transition in the Crystal Structure and a

Closing of the Energy Gap of BiTeI under Pressure
∗∗

M. K. Tran1, J. Levallois1, P. Lerch2, J. Teyssier1, A. B. Kuzmenko1, G.
Autès3, O. V. Yazyev3, A. Ubaldini1, E. Giannini1, D. van der Marel1, A.

Akrap1
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BiTeI is a giant Rashba spin splitting system, in which a noncentrosym-
metric topological phase has recently been suggested to appear under high
pressure. We investigated the optical properties of this compound, reflec-
tivity and transmission, under pressures up to 15 GPa. The gap feature in
the optical conductivity vanishes above p ∼ 9 GPa and does not reappear
up to at least 15 GPa. The plasma edge, associated with intrinsically doped
charge carriers, is smeared out through a phase transition at 9 GPa. Using
high-pressure Raman spectroscopy, we follow the vibrational modes of BiTeI,
providing additional clear evidence that the transition at 9 GPa involves a
change of crystal structure. This change of crystal structure possibly inhibits
the high-pressure topological phase from occurring.

∗We thank B. Andrei Bernevig for illuminating discussions. We are grateful to Florence
Lévy-Bertrand, Riccardo Tediosi and Mehdi Brandt for technical assistance. Research
was supported by the Swiss NSF through Grants No. 200020 and No. 135085 and NCCR
MaNEP. A.A. acknowledges funding from “Boursières d’Excellence” of the University of
Geneva. First-principles computations have been performed at the Swiss National Super-
computing Centre (CSCS) under Project No. s443. G.A. and O.V.Y. were supp
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Orbital-selective metal–insulator transition and
gap formation above Tc in superconducting

Rb1−xFe2−ySe2
∗∗

Zhe Wang,1 M. Schmidt,1 J. Fischer,1 V. Tsurkan,1,2 M. Greger,3 D.
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We report on a hierarchy of temperatures Tc < Tgap < Tmet in supercon-
ducting Rb1−xFe2−ySe2 observed by THz spectroscopy. Above Tmet ∼90 K
the material reveals semiconducting characteristics. Below Tmet a coherent
metallic THz response emerges. This metal-to-insulator type, orbital-selective
transition is indicated by an isosbestic point in the temperature dependence
of the optical conductivity and dielectric constant at THz frequencies. At
Tgap ∼61 K, a gap opens in the THz regime and then the superconducting
transition occurs at Tc ∼32 K. This sequence of temperatures seems to reflect
a corresponding hierarchy of the electronic correlations in different bands. See
Nature Communications 5, 3202 (2014) for details.

∗We thank Dirk van der Marel, Alessandro Toschi, Christian Bernhard and Alexan-
der Boris for helpful discussions. This work was partially supported by the Deutsche
Forschungsgemeinschaft via the Transregional Collaborative Research Centers TRR 80,
Priority Program SPP 1458, and Project DE 1762/2-1.
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Charge dynamics in BaFe2(As0.7P0.3)2
superconductor as revealed by optical spectroscopy
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B. Xu1,2, Y. M. Dai1,2, H. Xiao1, Z. R. Ye3, D. L. Feng3, X. G. Qiu1 and R.
P. S. M. Lobo2
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Cedex 5, France

3State Key Laboratory of Surface Physics, Department of Physics, and Advanced
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We present the optical properties of an optimally doped superconducting
BaFe2(As0.7P0.3)2 single crystal with Tc = 28 K. In the normal state, the op-
tical conductivity can be decomposed into a broad temperature-independent
background Drude component and a coherent narrow Drude component. The
narrow Drude component dominates the low frequency optical conductiv-
ity, and its spectral weight is almost temperature independent whereas its
scattering rate varies linearly with temperature. The presence of multiple
carriers with distinct temperature-dependent characters can well explain the
transport properties observed in optimally doped Ba122 iron-based supercon-
ductors. In the measurement temperature range, the transport properties
of BaFe2(As0.7P0.3)2 was solely determined by the narrow Drude conduct-
ing subsystem. Upon entering the superconducting state, the low frequency
optical spectrum response and the temperature dependence of penetration
depth are different between BaFe2(As0.7P0.3)2 and the similar compound
Ba0.6K0.4Fe2As2, suggests that the superconducting state responses for dif-
ferent doped Ba122 compounds may not be universal.

∗This work was supported by MOST (973 Projects No. 2012CB821403, 2011CBA00107,
2012CB921302), and NSFC (Grants No. 11374345, 11104335 and 91121004).
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Weak coupling between orbitals and Eg phonon
mode in Ba(Fe1−xCox)2As2

Yan-Xing Yang, Yann Gallais, Alain Sacuto, Jing Shi and Rui Xiong
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We report electronic Raman scattering measurements of Ba(Fe1−xCox)2As2
(x = 0.065 and 0.2) single crystals with Raman shifts from 9 cm−1 up to 600
cm−1 in the symmetry of B1g with respect to 1 Fe unit cell. Upon cooling
down, evident quasielastic peaks emerge only in the Raman response of the
crystal with x = 0.065 which is due to the contribution of orbital ordering
between xz and yz Fe 3d orbitals. Here, we analyze the Eg phonon at 128
cm−1 which has the same function formate of its Raman tensors as xz and yz
Fe 3d orbitals in these two crystals respectively. While, unlike their electronic
continuums, nothing anomalies are found in the Eg phonons of these two sam-
ples, which simply follows the expressions corresponding to the anharmonic
phonon decay into acoustic phonons with the same frequencies and opposite
momenta. Our results indicate a weak coupling between Fe 3d orbitals and
Eg phonon mode.

152

yxyang@whu.edu.cn


Mon & Thu – Poster SessionsPoster Sessions ProgramProgram Author ListAuthor List 19:00

Polarity-driven surface metallicity in the Kondo
insulator SmB6

Z.-H. Zhu1,2, I. S. Elfimov1, and A. Damascelli1
zhzhu@physics.harvard.eduzhzhu@physics.harvard.edu

1University of British Columbia, Canada
2Harvard University, USA

The Kondo insulator SmB6 has been long known for its anomalous residual
conductivity at low temperatures. This behavior has remained mysterious for
the past 40 years, until the recent proposal that SmB6 could be the realization
of a topological Kondo insulator [11], in which case the topology-driven metallic
surface states would be responsible for the finite low-temperature conductiv-
ity. Even though various experiments on SmB6 have provided evidence for the
existence of metallic surface states, no consensus on their microscopic origin
has been reached. Here, by a combined angle-resolved photoemission spec-
troscopy and density functional theory study, we discover a polarity-driven
surface metallicity in SmB6 aside from the proposed topology-driven contri-
bution [22]. Two surface states, not accounted for by the bulk band structure,
are reproduced by slab calculations for coexisting B6 and Sm surface termi-
nations (consistent with the lack of a natural cleavage plane in SmB6). Our
analysis reveals that a metallic surface state stems from an unusual property,
generic to the (001) termination of all hexaborides: the presence of boron 2p
dangling bonds, on a polar surface [22]. The discovery of polarity-driven surface
metallicity sheds new light on the long-standing puzzle of the low temperature
residual conductivity of SmB6, and raises a fundamental question in the field
of topological Kondo insulators regarding the interplay between polarity and
nontrivial topological properties.

[1] M. Dzero, K. Sun, V. Galitski, and P. Coleman, Phys. Rev. Lett. 104, 106408 (2010).
[2] Z.-H. Zhu, A. Nicolaou, G. Levy, N. P. Butch, P. Syers, X. F. Wang, J. Paglione, G. A.

Sawatzky, I. S. Elfimov, and A. Damascelli, Phys. Rev. Lett. 111, 216402 (2013).
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underdoped Fe-arsenide Ba(Fe1−xCox)2As2 in the
electronic nematic phase

Invited DresselDressel Power-Law Behavior of Optical Conductivity Ob-
served in Strongly-Correlated Organic Conductors

Poster ForcellaForcella Optical properties of viscous electron fluids
Poster FrenzelFrenzel Semiconducting-to-metallic photoconductivity

crossover and temperature-dependent Drude
weight in graphene

Invited FuchsFuchs From dia- to paramagnetic orbital susceptibility of
Dirac cones

Poster GagelGagel Universal post-quench dynamics at quantum crit-
ical points

Invited GallaisGallais Raman scattering as a probe of charge nematic
fluctuations in Iron-based superconductors

Poster GeffroyGeffroy High-energy branch of the spin-excitation spec-
trum of cuprates: impact on quasiparticle and op-
tical properties in the context of the spin-fermion
model

Invited GeorgesGeorges Fermi liquids and beyond: non-Drude universal
scaling and optical signatures of resilient quasipar-
ticles

Invited GiannettiGiannetti Snapshots of the retarded electronic interac-
tion with antiferromagnetic fluctuations in high-
temperature superconductors

Poster GoianGoian Strain engineering of EuO thin films
Invited GrevenGreven New insights into the cuprate phase diagram from

transport, X-ray and neutron scattering studies of
HgBa2CuO4+δ

Poster GrissonnancheGrissonnanche The upper critical magnetic field of cuprate super-
conductors

Poster GuGu Crystal growth and physical property of Bi-Sb-Te-
Se topological insulator materials, and Cu-Bi-Se
and Sn-In-Te topological superconductors

Invited HacklHackl A light scattering study of the pairing potential in
Fe-based superconductors and related compounds
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Oral HallHall Hybridization regime and hidden order state of

URu2Si2: Effects of doping on Fermi liquid scat-
tering and energy gap

Poster HanHan Extraction of Optical Constants Using Multiple
Reflections in the THz Emitter-sample Hybrid
Structure

Invited HillenbrandHillenbrand Infrared nanoimaging and nanospectroscopy
Invited HintonHinton Quasiparticle recombination dynamics in the

model cuprate superconductor HgBa2CuO4 + δ
Invited HlinkaHlinka How many different indicators of direction in space

can be distinguished by the space-time symmetry?
Invited HoffmanHoffman Nanoscale Band Structure Imaging of Topological

Materials: Sb and SmB6
Invited HomesHomes Optical properties of iron-based conductors and

superconductors
Invited IshizakaIshizaka Giant spin splitting in inversion-symmetry broken

semiconductors
Oral JanodJanod Optical Conductivity Measurements of GaTa4Se8

Under High Pressure: Evidence of a Bandwidth-
Controlled Insulator-to-Metal Mott Transition

Rapid KalinkoKalinko Low temperature and high pressure lattice dynam-
ics study of alpha - and beta-SnWO4

Oral KambaKamba Electromagnons in multiferroic CaMn7O12 and ε-
Fe2O3

Oral KuzmenkoKuzmenko Strong Plasmon Reflection at Nanometer Gaps in
Graphene

Invited Le TaconLe Tacon Competing orders in underdoped cuprates
Poster LevalloisLevallois Broad-band helicity-resolved infrared spec-

troscopy of bismuth
Invited LoidlLoidl Electromagnons
Invited LupiLupi Plasmonic Excitations in Topological Insulators
Oral MadhavanMadhavan Coexistence of Massless and Massive Dirac

Fermions in Topological Crystalline Insulators
Rapid Mangin-ThroMangin-Thro Search for Intra-Unit-Cell magnetic order close to

optimal doping in superconducting cuprates
Rapid MansartMansart Real-time observation of structural and electronic

degrees of freedom in high Tc superconductors
Oral MartinMartin Ultra-broadband Synchrotron Infrared Nano-

spectroscopy
Invited MaslovMaslov Optical conductivity of Fermi-liquid and non-

Fermi-liquid metals
Poster MassatMassat Charge nematic fluctuations and superconducting

gap in Ba1−xKxFe2As2 probed by Raman scatter-
ing
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Poster MatsunagaMatsunaga Collective pseudospin precession in a superconduc-

tor NbN driven by sub-gap THz electric fields
Oral MeassonMeasson Amplitude ’Higgs’ mode in 2H-NbSe2 Supercon-

ductor
Poster MravljeMravlje Waterfalls and resillient quasiparticles in ruthen-

ates
Poster McLeodMcLeod Cryogenic Infrared Nano-Imaging of the Metal-

Insulator Transition in the Canonical Mott Insu-
lator V2O3

Poster MitranoMitrano Pressure-Dependent Relaxation in the Photoex-
cited Mott Insulator ET–F2TCNQ: Influence of
Hopping and Correlations on Quasiparticle Re-
combination Rates

Poster MorrisMorris A hierarchy of bound states in the 1D ferromag-
netic Ising chain CoNb2O6 investigated by high
resolution time-domain terahertz spectroscopy

Poster MoskvinMoskvin Pseudospin S = 1 description of the cuprate com-
plexity: ground state, phase diagrams, and excita-
tions

Oral MunzarMunzar Evidence for a superconducting origin of promi-
nent features of the in-plane infrared response of
underdoped cuprates and implications of their per-
sistence above Tc

Oral NagelNagel Room temperature toroidal moment in multifer-
roic BiFeO3 and its interaction with THz light

Poster NajeraNajera Study of spin-orbit effects in the Mott-Hubbard
metal-insulator transition

Invited NormanNorman What is the pseudogap?
Oral OkamuraOkamura Electron-Hole Symmetry in the Electronic Struc-

tures of Ce and Yb Compounds Examined by Op-
tical Study under High Pressure

Invited OrlitaOrlita Massless fermions in 2D and 3D: infrared magneto-
spectroscopy studies

Poster PanPan Low energy electrodynamics of novel spin excita-
tions in the quantum spin ice Yb2Ti2O7

Invited ParkPark Low energy spin dynamics of multiferroic RMnO3
and BiFeO3

Invited PaulPaul Nesting Induced Large Magnetoelasticity in the
Iron Arsenide Systems

Invited PepinPepin Charge ordering around a Quantum Critical Point
in cuprate

Invited PerezPerez Collective spin excitations in diluted magnetic
quantum wells

Invited PerfettiPerfetti Dynamics of the electrons in surface states with
strong spin-orbit coupling
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Oral PerucchiPerucchi Electrodynamics of hetero-structured high tem-

perature superconductors
Oral PetzeltPetzelt Broadband dielectric spectroscopy of BaTiO3-

BaZrO3 solid solutions
Oral PimenovPimenov Electric field control of terahertz polarization with

electromagnon
Invited ProustProust Fermi surface reconstruction by charge order in

underdoped copper oxides
Poster RiccardiRiccardi Combined Raman scattering and TEM study of

suspended graphene
Poster RõõmRõõm Directional Dichroism of THz Radiation at Ele-

vated Temperatures in the Paraelectric and Para-
magnetic State of Multiferroic Sr2CoSi2O7

Poster RoskosRoskos Time-Resolved THz Spectroscopy of Charge-
Density Waves in Blue Bronze (K0.3MoO3

Rapid RovillainRovillain Iron borate multiferroics, a new way to observe the
electromagnon?

Poster SandilandsSandilands Spin-orbit coupling in RuCl3: Evidence for a rel-
ativistic Mott insulator on the honeycomb lattice

Rapid SakaiSakai Evidences of an s-wave structure of the pseudogap
in high-Tc cuprate superconductors

Oral SchefflerScheffler THz properties of CaRuO3: can we reconcile non-
Fermi-liquid optics with Fermi-liquid concepts?

Invited ShenShen Domain Walls and Edge Structures in Quan-
tum System – Views from Scanning Microwave
Impedance Microscope

Invited ShimanoShimano Observation of Higgs Amplitude Mode in Super-
conductors

Poster ShuvaevShuvaev Room temperature electrically tunable terahertz
Faraday effect in a topological insulator

Poster SkiadopoulouSkiadopoulou Spin and lattice excitations in BiFeO3 ce-
ramics compared with epitaxial thin film of
BiFeO3/TbScO3

Poster SopracaseSopracase Thz excitations of several magnetoelectric (multi-
ferroic) compounds under strong magnetic field

Poster SubediSubedi Theory of nonlinear phononics for coherent light-
control of solids

Invited TailleferTaillefer The three phase diagrams of cuprate superconduc-
tors

Invited TajimaTajima Optical observation of precursory superconductiv-
ity in YBa2Cu3Oy

Oral TannerTanner Use of X-ray scattering factors for Kramers-Kronig
high-frequency extensions

Invited TimuskTimusk The normal state of URu2Si2: spectroscopic evi-
dence for an anomalous Fermi liquid
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Oral TodorovTodorov Collective effects in 2D electron gas and Ultra-

strong light-matter coupling
Poster de la Torrede la Torre ARPES study of the doping evolution of the strong

spin-orbit insulator Sr3Ir2O7
Poster ToulouseToulouse Driving the spins in BiFeO3 single crystals with

hydrostatic pressure
Poster TranTran Infrared- and Raman-Spectroscopy Measurements

of a Transition in the Crystal Structure and a Clos-
ing of the Energy Gap of BiTeI under Pressure

Oral Valdes-AguilarValdes-Aguilar Time-resolved terahertz dynamics in thin films of
the topological insulator Bi2Se3

Invited van der Marelvan der Marel Fermi liquid behaviour in strongly correlated met-
als

Invited VarmaVarma Some Constraints put by Experiments on The-
ories of High Temperature Superconductivity in
Cuprates

Oral N.L. WangN.L. Wang Coexistence and competition of multiple charge-
density-wave orders in RTe3 as revealed by optical
probes

Poster Z. WangZ. Wang Orbital-selective metal–insulator transition and
gap formation above Tc in superconducting
Rb1−xFe2−ySe2

Rapid Liang WuLiang Wu A sudden collapse in the transport lifetime across
the topological phase transition in (Bi1−xInx)2Se3

Poster Bing XuBing Xu Charge dynamics in BaFe2(As0.7P0.3)2 supercon-
ductor as revealed by optical spectroscopy

Oral YakovenkoYakovenko Possible spiral structure in the pseudogap phase of
cuprates

Poster YangYang Weak coupling between orbitals and Eg phonon
mode in Ba(Fe1−xCox)2As2

Poster ZhuZhu Polarity-driven surface metallicity in the Kondo
insulator SmB6
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