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Free energy functionals and thermodyanmics for superfluid *He in aerogel

S. Ali, L. Zhang, and J. A. Sauls
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois, USA

We present a free energy functional for superfluid He in the presence of homogeneously distributed impurity
disorder. The functional, which is stationary with respect to variations of the order parameter, A(p), extends
the Ginzburg-Landau free energy functional to all temperatures. The functional is obtained by a reduction of
the Luttinger-Ward functional to leading order in the expansion parameters of Fermi-liquid theory. We report
results for the thermodynamic potential, entropy and heat capacity for dirty B-phase of superfluid *He for
homogeneous disorder. In the unitary scattering limit the B-phase exhibits gapless behavior over the entire
phase diagram for high-porosity aerogels with an elastic mean-free path £, = 1500A. For modest pair-
breaking, « = 1/277T.y < 0.1, corresponding to £, > 1600 A at p = 33 bar, C,/T is a non-monotonic
function of 7', however the limiting low-temperature heat capacity is linear in temperature, Cs — 7T,
where ~ys is the Sommerfeld coefficient for temperatures below the impurity bandwidth, T’ i Yimp R A/ Do/2T.
We also compare the density of states at the Fermi level, N (0), inferred from the Sommerfeld coefficient,
Vs = %WQN (0), with the spectrum calculated directly from the retarded Greens function and impurity self-
energy, N(e) = —Im g% (e).

Keywords: Superfluid 3He, Aerogel, Gapless Superfluid, Free Energy, Thermodynamics

Fast moving electrons in liquid *‘He
F. Ancilotto®, M. Barranco®, and M. Pi®

“Dipartimento di Fisica ‘G. Galilei’, Universita di Padova, via Marzolo 8, [-35131 Padova, Italy and CNR-
IOM-Democritos, I-34014 Trieste, Italy

bDepartament ECM, Facultat de Fisica, and IN2UB, Universitat de Barcelona. Diagonal 647, 08028 Barcelona,
Spain

We present theoretical results, based on fully three-dimensional Density Functional calculations, describing
the steady-state motion of electron bubbles in liquid *He both at zero and negative pressures. As the velocity
increases, the moving electron bubble is squeezed along the direction of motion while it expands in the
transverse directions. When the electron speed is large enough, as a consequence of this change of shape, a
vortical fluid motion is induced around the bubble which eventually results in the formation of a quantized
vortex ring as a critical velocity is reached. The nascent ring appears spontaneously, girdling the bubble cavity
along the equatorial line perpendicular to the direction of motion and then expands during the minimization.
This process occurs at P=0 and at negative pressures down to ~ —1.2 bar. Below this value, the bubble
becomes mechanically unstable and explodes as soon as the critical velocity is reached. Our results show
that electron bubbles explode in the pressure range where unidentified electron objects have been found to
explode in recent cavitation experiments®.

1. A. Ghosh and H. J. Maris, Phys. Rev. Lett. 95, 265301 (2005).
Keywords: 4He, electron, vortices
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Quantum fluids and solids as seen by path integrals

D. Ceperley
University of Illinois Urbana-Champaign

This talk is a review of the theory of quantum fluids and solids as derived by the imaginary-time path integral
method. The history of this method and its relation to computational approaches is summarized. Then, some
recent developments and applications, in particular to supersolids, helium droplets and cold atom systems is
given. Finally, the limitations of path integrals for fermion systems is discussed.

Keywords: overpressurized 4He, rotons, dynamic structure factor, analytic continuation
INVITED PAPER

Quantum critical phenomena of “He in nanoporous media
T. Eggel®, M. Oshikawa?®, and K. Shirahama®

“Institute for Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan
®Department of Physics, Keio University, Yokohama-shi, Kanagawa 223-8522, Japan

In experiments on “He on nanoporous Gelsil glass with average pore diameter of 2.5 nm a suppression of the
- transition under pressurization has been observed. The novel feature of this suppression with respect to
similar effects in other porous media observed in the past, Vycor glass for example, is that for a pressure of
about 3.4 MPa the superfluid transition decreases to zero Kelvin. We argue that this system indeed exhibits
quantum critical phenomena. The mapping of the effective model of the system, the 3D quantum rotor model,
to a (3+1)D classical XY model yields a phase boundary between the superfluid and the normal fluid regime
of the form p.(0) — p.(T') ~ T?. This is in remarkable agreement with experiment as are also the expressions
we obtain for the superfluid density as a function of pressure in the limit of zero temperature. It is known that
disorder and particle-hole symmetry breaking are relevant perturbations and would alter the universality class.
However, we show that in the accessible temperature range the perturbations do not yield sizable effects and
thus establish the validity of the (3+1)D XY model picture. Furthermore we present an argument that explains
why quantum phenomena have not been observed in “He filled in porous media with pore sizes larger than
Gelsil.

T.E., M. Oshikawa, K. Shirahama: arXiv:1004.4004
Keywords: Quantum Phase Transitions, 4He, Disordered Substrates
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Theoretical study of quantum gel formation in superfluid *He

J. Eloranta
Department of chemistry and biochemistry, California State University at Northridge, California, USA

Diffusion mediated clustering of atoms and molecules in superfluid helium may be significantly affected by
the weak long-range interactions at low temperatures. When impurities are solvated in the liquid, the possible
attractive van der Waals binding introduces strongly inhomogeneous helium solvent layers to form around
them (i.e., the snowball structure). As two impurities approach each other in the liquid, the interaction be-
tween the solvent layers surrounding them causes deviation from the regular gas phase pair interaction where
the overlap between the solvent layers introduces an energy barrier for impurity—impurity recombination.
Previously we have shown that the recombination barrier between two solvated neon atoms is approximately
3 K in superfluid *He.! In this study the formation energetics of neon based quantum gel in various geome-
tries was systematically studied. Furthermore three new candidates were also studied: Ar, Hy, and atomic
fluorine. The first two were not found to be good candidates for quantum gel formation whereas the latter
species displays remarkable effects due to its strongly bound and anisotropic pair potential with helium and
the recently discovered ca. 12 K high long-range potential barrier for molecular recombination. The results
imply that the formation of ground state Fo should be strongly suppressed in superfluid helium. This work
demonstrates the basic concept of “solvent guiding”, which may be used to alter the reaction routes at low
temperatures.

1. J. Eloranta, Phys. Rev. B 77, 134301 (2008).

Keywords: superfluid helium, quantum gel, solvation

Vortex-loop thermodynamics of superfluid *He under pressure

A. Forrester and G. A. Williams
Department of Physics and Astronomy, University of California, Los Angeles, CA 90095 USA

The thermodynamic quantities of pressurized superfluid *He near the A-transition are calculated using a
vortex-loop renormalization method. The superfluid density, specific heat, vortex core size, and vortex core
energy are determined as functions of pressure and temperature, and compared with experiments. The theory
predicts exponents describing the critical behavior of the superfluid density and specific heat in agreement
with recent high-precision theoretical simulations. The vortex core size is found to increase with pressure,
while the core energy decreases. The specific heat, though strongly dependent on both of these parameters, is
found to scale with pressure in agreement with experimental measurements.

Keywords: superfluid transition under pressure, vortex loops, superfluid density, specific heat
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Roton energies in overpressurized “He inferred from exact quantum Monte Carlo
simulations

D.E. Galli and L. Reatto
Dipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133 Milano, Italy

We have studied liquid *He at T= 0 K in the pressure range P ~ 0 — 100 bar by means of the exact
Shadow Path Integral Ground State (SPIGS) method!. The pressure range we have considered goes well
above freezing into the metastable region. SPIGS is known to reproduces accurately the crystalline phase as
the result of a spontaneously broken translational symmetry. By monitoring the static strucutre factor during
the simulations, the disordered phase is found persistent up to 100 bar and this makes the measurement of
ground state and excited state properties possible also in the metastable region. We have applied a new
strategy, called Genetic Inversion via Falsification of Theories (GIFT)?, to extract information about real
time dynamics of overpressurized *He from imaginary time correlation functions computed via SPIGS. We
recover sharp elementary excitation peaks with spectral functions displaying also the multiphonon branch.
In the full pressure range 0-100 bar sharp roton excitations are always present in the spectral functions. The
roton energy decreases at higher pressures in good agreement with experimental data also in the metastable
region®. The roton energies (wave vectors) have essentially a linear trend with pressure, going from about 7.4
K (2.04 A~1) near freezing to about 3.4 K (2.24 A~1) at about 98 bar. The pressure at which the linear trend
would extrapolate to a zero roton energy turns out to be about 167 bar, with a roton wave vector of about 2.47

AL

1. D.E. Galli, and L. Reatto, Mol. Phys. 101, 1697 (2003). 2. E. Vitali, M. Rossi, L. Reatto and D.E. Galli,
arXiv:0905.4406. 3. J.V. Pearce et al., Phys. Rev. Lett. 93, 145303 (2004).

Keywords: overpressurized “He, rotons, dynamic structure factor, analytic continuation

Quantum Monte Carlo study of Rb*, Rb, and other alkali in helium clusters

G. Guillon?, A. Viel®, M. Leino®, A. Zanchet?, and R. Zillich?

“Institut de Physique de Rennes, UMR 6251, CNRS & Université de Rennes 1, F-35042 Rennes, France
bInstitute for Theoretical Physics, Johannes Kepler Universitét, Altenbergerstr. 69, A-4040 Linz, Austria

Spectroscopy of doped helium nanodroplets has become, in recent years, a popular tool for the study of both
finite size samples of the helium quantum fluid and molecules isolated in this sub Kelvin environment. While
many dopants migrate to the center of the droplet, alkali (Ak) atoms in their ground electronic state, because
of their so weak interaction with He, remain at the surface, the latter being in this way slightly distorted
exhibiting a dimple. However, when in their first excited states, Ak atoms are forming exciplexes. These are
anisotropic with the central atom surrounded by a ring of He atoms located in the nodal plane of the valence
electron p, orbital. Structural properties, obtained by DMC and PIMC, are presented here for some Ak* -
He,, exciplexes.

Aks dimers in helium environment have also gained interest in this last decade, in connexion with the gen-
eration of ultracold molecules. When attached to helium droplets, Ak atoms can float on the surface and
form molecules in cold collisions. DMC and PIMC methods are used to compute energetics and structural
informations for Rbs in helium. In particular, the orientation of the dimer relative to the droplet surface is
examined.

1. Leino, M., Viel A., Zillich R., (2008). “Electronically excited rubidium atom in a helium cluster or film”.
The Journal of Chemical Physics 129, 184308.

Keywords: doped helium droplets, alkali atoms and dimers, geometrical structure of clusters, quan-
tum Monte Carlo
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Heterophase fluctuations in solid helium near the hcp-bcec phase
transformation line and melting curve

ALl Karasevskii

Institute of Metal Physics of the National Academy of Sciences of Ukraine
Pr. Vernadskogo 36, Kiev 03142, Ukraine

It is shown that in crystals whose melting curve lies close to a line of structural transitions on the PT phase
diagram, heterophase fluctuations can have a crystal-liquid structure and consist of crystallites of the nonequi-
librium phase surrounded by a layer of liquid [1]. It is shown that such crystal-liquid inclusions can form in
the bee phase of the “He crystal, which provides an explanation for the features of the kinetic, thermodynamic,
and structural properties of the *He crystal in the bce region.

1. A.L. Karasevskii. Low Temp. Phys., 32, 913 (2006).

Keywords: Theory of quantum fluids and solids, quantum solids: growth, transport, dynamics.

Complexes in rare-gas solid solutions
A.l Karasevskii

Institute of Metal Physics of the National Academy of Sciences of Ukraine
Pr. Vernadskogo 36, Kiev 03142, Ukraine

It is shown that complexes - equilibrium nanoclasters of impurity atoms - can form in dilute rare-gas solid
solutions consisting of two speciees of atoms with substantially different radii; the thermodynamic stability
of these complexes is due to relaxation of the excess elastic energy when the impurity atoms combine into a
cluster [1]. Two types of complexes can occur: vacancy complexes (VCs) and cluster complexes (CCs). In
the VC case, impurity atoms are bound in the first coordination sphere of a vacancy. The VCs are separete
formations, and their equilibrium concentration can be significanly higher than that of isolated vacancies. In
the CC case, clusters of n impurity atoms with a volume close to that occupied by n-1 host atoms ( in the
clustering of n atoms of smaller radius than the host) or n+1 host atoms (in the clustering of n atoms of larger
radius) can form. An analysis is made of the particular case of a dilute solution of 4He in 3He, where, on
account of the mass difference of He and “He, the effective radii of the atoms in the crystal are different,
giving rise to elastic stresses around a *He impurity atoms in the crystal.

1. A.L Karasevskii. Low Temp. Phys., 31, 1003 (2005).

Keywords: Theory of quantum fluids and solids, quantum solids: growth, transport, dynamics.
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Excess pressure of the phonon gas in nanocrystals
A.l. Karasevskii

Institute of Metal Physics of the National Academy of Sciences of Ukraine
Pr. Vernadskogo 36, Kiev 03142, Ukraine

A theoretical model is presented to explain size influence on thermodynamic properties and melting of meso-
scopic nanocrystals. We show that size-dependent quantization of vibrational eigenmodes affects thermal
properties of nanocrystals, similarly to size effect on thermodynamic properties of phonon gas of blackbody
radiation in a confined space. In our opinion, the physical mechanism of this effect is closely connected to
presence of size-dependent excess pressure of the phonon gas in nanocrystals.

1. A.L. Karasevskii and V.V. Lubashenko. Eur. Phys. J. B, 66, 375 (2008).

Keywords: Theory of quantum fluids and solids, quantum solids: growth, transport, dynamics.

Two-dimensional *He: a crucial system for understanding fermion dynamics
E. Krotscheck

Linz University

Keywords: 2D 3He
INVITED PAPER
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Elementary excitations in superfluid *He-*He mixtures within a density functional
approach

D. Mateo?, M. Barranco?, and J. Navarro

“Departament ECM, Facultat de Fisica, and IN2UB, Universitat de Barcelona. Diagonal 647, 08028 Barcelona,
Spain
bIFIC (CSIC University of Valencia), P.O. Box 22085, 46071 Valencia, Spain

b

We have studied the dynamic structure function of superfluid >He-*He mixtures at zero temperature as a func-
tion of pressure and 3He concentration. Results obtained in the full Random-Phase approximation (RPA) plus
Density Functional theory and in a generalized Landau-Pomeranchuk approach are presented and compared
with experiment.! Analytic expressions for several sum rules of the dynamic structure functions? have been
determined, and have been used to obtain average energies of the collective excitations.

In the RPA approach, the dispersion relation of the collective modes shows typical features of level repulsion
between zero sound-like and phonon-roton-like excitations.? The structure of the coupled RPA equations for
the mixture leads in a natural way to the hybridization of the collective modes.

The mixed 3He-*He dynamic structure function quenches the zero sound-like mode before it crosses the
phonon-roton branch, causing that the former mode only appears with enough strength after the crossing.

1. B. Fak, K. Guckelsberger, M. Korfer, R. Scherm, and A. J. Dianoux, Phys. Rev. B 41, 8732 (1990).
2. J. Boronat, F. Dalfovo, F. Mazzanti, and A. Polls, Phys. Rev. B 48, 7409 (1993).
3. E. Krotscheck and M. Saarela, Phys. Rep. 232, 1 (1993).

Keywords: liquid helium mixtures, elementary excitations

Polarization effects in superfluid ‘He
V. Mineev
Commissariat a I’Energie Atomique, INAC/SPSMS, 38054 Grenoble, France

A theory of thermoelectric phenomena in superfluid  He is developed. It is found an estimation of the
dipole moment of each helium atom arising due to electron shell deformation caused by pushing forces
from the side of its surrounding atoms in presence of accelerated motion of liquid. In correspondence with
the experimental findings made for accelerated relative motion of normal and superfluid components the
derived ratio of the amplitudes of temperature and electric polarization potential was proved to be practically
temperature independent. Its magnitude is in reasonable correspondence with the observations. The polarity
of electric signal is determined by the sign of temperature gradient in accordance with the measurements. The
roton excitations dipole moment is also discussed.

Keywords: Superfluid * He, polarization effects
INVITED PAPER
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Accurate density response function of superfluid “He at freezing pressure:
Is DFT successful for superfluid freezing?

T. Minoguchi® and D. E. Galli®

“Institute of Physics, University of Tokyo, Komaba 3-8-1, Tokyo 153-8902, Japan
bDipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133 Milano, Italy

An accurate density response function x(q) of superfluid *He at zero temperature and at freezing pressure,
up to about ¢ = 8 A~1, has been obtained via dynamic structure factors, S (q,w), extracted from imaginary
time density—density correlation functions computed with an exact Path Integral projector method. A new
statistical approach?® to inverse problems has been used to extract S(q,w); contrarily to analogous “analytic
continuation” approaches, this new method has been found able to separate a well defined elementary excita-
tion peak from muti—phonon contributions. We have applied density functional theory (DFT) to a superfluid—
solid transition with the obtained x(q). With this accurate input, DFT gives unphysically unstable superfluid
against solidification which is consistent with conventional works. We discuss the possible defect of DFT.

1. E. Vitali, D.E. Galli, and L. Reatto, J. Phys.: Conference Series 150, 032116 (2008); E. Vitali, M. Rossi,
L. Reatto, and D.E. Galli, arXiv:0905.4406.

Keywords: quantum freezing, solidification, DFT, density functional theory, density response func-
tion, He-4, superfluid, analytic continuation

Two-time temperature Green’s function formalism
in the study of bosonic mixtures

A. Rovenchak and I. Prunchak
Department for Theoretical Physics, Ivan Franko National University of Lviv, Ukraine

The Hamiltonian of a two-component bosonic mixture is written using the so called collective variables py
being the Fourier components of the density fluctuations. It appears to have the leading terms quadratic in
px and Oy = 0/0p_x plus a correction. The equations of motion for the two-time temperature Green’s
functions {(p|p)), {0]p)), etc. are exactly solvable if the correction is neglected. Effective consideration of the
non-quadratic terms of the Hamiltonian, cf. [1], including different types of decoupling is analyzed to obtain
the excitation spectrum of the system. The temperature dependence of the condensate fraction and specific
heat is calculated numerically for a model system with parameters corresponding to a mixture of ytterbium
isotopes [2].

1. Rovenchak, A. (2003). “Effective mass of atom and the excitation spectrum in liquid helium-4 at 7' = 0
K”, Low Temp. Phys. 29, 105-107.

2. Kasamatsu, K. and M. Tsubota (2008). “Static and dynamic properties of multicomponent Bose—Einstein
condensates of ytterbium atoms”, J. Low Temp. Phys. 150, 599-604.

Keywords: bosonic mixtures, excitation spectrum
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New version of quantum mechanics at finite temperatures as a ground for description
of nearly perfect fluids

A. Sukhanov® and O. Golubjeva®

¢Joint Institute of Nuclear Research, Dubna, Russia, ogol @mail.ru
bRussian Peoples Friendship University, Moscow, Russia. ogol@oldi.ru

We develop a version of the universal theory that is unlike to the particular theory proposed earlier for ex-
plaining of ratio ’shear viscosity to specific entropy’ in quark-gluon plasma. We suggest a more general than
quantum statistical mechanics (QSM) microdescription of objects in a heat bath taken into account a vacuum.
We call it (7, k)-dynamics (2 kD). This approach allows us in a new manner to calculate some important
macroparameters and to modify standard thermodynamics. For features description of nearly perfect fluids
in various mediums we describe the thermal equilibrium state in term of a wave function the amplitude and
phase of which have temperature dependence. We introduce a new generative operator, Schroedingerian, or
stochastic action operator. We demonstrate that a new macroparameter, namely the effective action , can be
obtained through averaging of the Schroedingerian over the temperature dependent wave function. It is estab-
lished that important macroparameters and their fluctuations can be expressed through this quantity. We show
an universal link of transport coefficients, including shear viscosity and the diffusion coefficient, with the
effective action. On this ground we can explain non-zero value of minimal entropy, the minimal but non-zero
value of viscosity, and the universality of the ratio ’effective action to effective entropy’ for different mediums
at zero temperature and its minimal value in the form //2kp. This result corresponds to experimental data,
taken recently in the area of nearly perfect fluids, and is principally different from result in the frame of QSM.
We hope that & kD can serve as an initial microtheory fit for very small objects at ultra-low temperatures.

Keywords: nearly perfect fluids, (%, k)-dynamics, temperature dependent wave function, ratio ’shear
viscosity to specific entropy’, Schroedingerian, effective action

Kinetic energy of “He atoms in the solid phase at T=0

S. A. Vitiello

Instituto de Fisica Gleb Wataghin, Caixa Postal 6165, Universidade Estadual de Campinas - UNICAMP,
13083-970 Campinas, SP, Brazil

The kinetic energy of systems that obey Bose statistics decreases if its temperature is lowered bellow the
transition temperature. However this is a difficult quantity to measure and compute at very low temperatures.
Using a robust implementation of the Hellmann-Feynman theorem in a diffusion Monte Carlo calculation the
kinetic energy in the solid phase is determined at 7" = 0. The results might lead to a speculation that a Bose
condensate could exist in this phase.

Keywords: kinetic energy, Bose-Einstein condensate, supersolid
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Ground-state of spin-polarized hydrogen and its isotopes: from bulk properties to
small clusters

L. Vranjes Markic
University of Split

Keywords: Spin-polarized hydrogen
INVITED PAPER

Topological superconductors and Majorana fermions

S.C. Zhang
Department of Physics, Stanford University, Stanford, California 94305, USA

Recently, a new class of topological states has been theoretically predicted and experimentally realized. The
topological insulators have an insulating gap in the bulk, but have topologically protected edge or surface
states due to the time reversal symmetry. I shall review briefly the recent theoretical and experimental
progress. Topological superconductors and superfluid have been theoretically proposed recently, in both
two and three dimensions. They have a full pairing gap in the bulk, and their mean field Hamiltonian look
identical to that of the topological insulators. However, the gapless surface states consists of a single Majo-
rana cone, containing only half the degree of freedom compared to the single Dirac cone on the surface of a
topological insulators. I shall discuss their physics properties and the search for these novel states in >He-B
phase and other real materials.

Keywords: Topological superconductors, Majorana fermions
INVITED PAPER
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NMR measurements of the deformed superfluid *He-B
confined in a single 0.6 micron slab

A.J. Casey?, L. V. Levitin%, R. G. Bennett?, B. Cowan®, J. Parpia’, E. V. Surovtsev®, and J. Saunders®

“Department of Physics, Royal Holloway, University of London, Egham, Surrey, TW20 0EX, UK
bDepartment of Physics, Cornell University, Ithaca NY 14853, USA
°P. L. Kapitza Institute for Physical Problems, Moscow, 119334, Russia

We present our NMR study of superfluid He confined to a 0.6 micron thick slab. The slab is defined by a
nanofabricated cavity and NMR is used both to identify the phases and make quantative measurements of the
suppression and distortion of the order parameter. Confinement on a length scale comparable to the superfluid
coherence length results in a suppression of the order parameter and an alteration of the relative stability of
different phases.

We observe the confinement to have a profound effect on the phase diagram, stabilising A phase over a wide
range of temperature below 7. at low pressures. At higher pressures and low temperatures, where the coher-
ence length is the shortest,the B phase with an inhomogeneous planar distortion is also observed; in this case
the NMR measurements have distinguished both stable and metastable configurations. The non-linear NMR
response has been used to quantify the inhomogeneous planar distortion for comparison with the predictions
of quasi-classical theory. By preplating the walls of the cell with “He we tune the surface scattering as ob-
served by the change of 75P, A-B transition temperature, and the order parameter suppression as measured
by the NMR frequency shift in both A phase and planar distorted B Phase.

These experiments open the way for studies of surface bound excitations, and of new superfluid groundstates
stabilized by confinement.

Keywords: superfluid, Helium-3, confinement, slab, NMR, the B phase, planar distortion, majorana,
stripe phase
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High magnetic field transverse acoustics in superfluid *He-B

C. Collett, S. Sasaki, J. P. Davis, J. Pollanen, W. Gannon, J. Li, and W. P. Halperin
Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, USA

We present the results of transverse acoustics studies in superfluid He-B at fields up to 0.1 T. Using acoustic
cavity interferometry, we observe the acoustic Faraday effect!:? for a transverse sound wave propagating
along the magnetic field, and we measure Faraday rotations up to 990°, significantly more extensive than has
been previously reported. We use these results to extend previous calculations of the Landé g factor. We
also find the field dependence of cavity interference oscillations resulting from coupling to the imaginary
squashing mode. Measurements in large magnetic fields were performed up to the pair breaking threshold
where there has been a recent report® of a new collective mode of the order parameter with total angular
momentum, J = 4. Support for this work from the NSF, grant DMR-0703656, is gratefully acknowledged.

1. G.F. Moores and J.A. Sauls, J. Low Temp. Phys. 91, 13 (1993).
2. Y. Lee et al., Nature 400, 431 (1999).
3. J.P. Davis et al., Nature Physics 4, 571 (2008).

Keywords: acoustic Faraday effect,collective modes,transverse acoustics,magnetic field
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NMR studies of superfluid phases of *He in aerogel
V. V. Dmiitriev
P. L. Kapitza Institute for Physical Problems RAS, 2 Kosygina str., 119334 Moscow, Russia

As well as for bulk 3He, nuclear magnetic resonance methods proved to be very effective for investigations
of superfluid phases of >He in aerogel. A short review of the NMR studies of superfluid He in aerogel will
be given with the focus on investigations of the A-like phase in weakly and strongly anisotropic aerogels.

Keywords: 3He, aerogel
INVITED PAPER

Nuclear spin relaxation in glass states of *He-A in stretched aerogel
V. V. Dmitriev?, D. A. Krasnikhin®, N. Mulders?, A. A. Senin?, and A.N. Yudin®

2P. L. Kapitza Institute for Physical Problems RAS, 2 Kosygina str., 119334 Moscow, Russia
bDepartment of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA

We present results of pulsed NMR investigations of superfluid A-like phase of >He in stretched aerogel. In
this case we have anisotropic orbital glass (OG) with two possible types of ordering in spin space — ordered
spin nematic (OG-SN) or disordered spin glass (OG-SG) state.! It was found that longitudinal relaxation
of magnetization was non-exponential in both states and depended on temperature and on homogeneity of
external steady magnetic field. At the same conditions the relaxation in OG-SG state was more rapid than
in OG-SN state. For transverse orientation of the magnetic field relative to the anisotropy axis the duration
of free induction decay signal was longer than in the normal phase. It may be explained by formation of
coherently precessing spin state similar to that observed in squeezed aerogel.?

1. V. V. Dmitriev, D. A. Krasnikhin, N. Mulders, A. A. Senin, G. E. Volovik, A. N. Yudin,
Pis’ma v ZhETF 91, 669 (2010).
2. P. Hunger, Y. M. Bunkov, E. Collin, H. Godfrin, J. Low Temp. Phys. 158, 129 (2010).

Keywords: 3He, aerogel
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Orbital glass and spin glass states of *He-A in aerogel

V.V. Dmitriev®, D.A. Krasnikhin®, N. Mulders?, A.A. Senin?, G.E. Volovik® ¢, and A.N. Yudin®

eP. L. Kapitza Institute for Physical Problems RAS, Moscow, Russia
bDepartment of Physics and Astronomy, University of Delaware, Newark, USA
“Low Temperature Laboratory, Aalto University, Finland

41, D. Landau Institute for Theoretical Physics, Moscow, Russia

Glass states of superfluid A-like phase of >He in aerogel induced by random orientations of aerogel strands are
investigated theoretically and experimentally. In anisotropic aerogel with stretching deformation two glass
phases are observed. Both phases represent the anisotropic glass of the orbital vector I - the orbital glass
(OG). The phases differ by the spin structure: the spin vector d can be either in the ordered spin nematic
state (SN) or in the disordered spin-glass (SG) state. For identification of phases we used continuous wave
and pulse NMR with different orientation of magnetic field. These measurements allows us to determine
the parameter of the global anisotropy of the orbital glass induced by deformation. Most of the results were
recently published in .

1. V.V. Dmitriev et. al. ”Orbital glass and spin glass states of 3He-A in aerogel”. Pis’ma v ZhETF, vol. 91,
iss. 11, pp. 669-675.

Keywords: Superfluid *He, Aerogel

A new experiment using characterised quartz tuning forks to probe the superfluid *He
AB interface

D. I. Bradley, M. J. Fear, S. N. Fisher, A. M. Guénault, R. P. Haley, C. R. Lawson, G. R. Pickett, R.
Schanen, V. Tsepelin, and L. A. Wheatland
Department of Physics, Lancaster University, Lancaster, LA1 4YB, UK

The AB transition in superfluid *He is an exemplar first order phase transition and the interface between the
two is arguably the most highly ordered to which there is experimental access. Theoretically, it is generally
accepted that the A phase order parameter transforms to the B phase via the planar phase, and that the interface
thickness is on the order of a few coherence lengths. However, no direct measurements of the boundary region
have yet been undertaken. We have been developing techniques to investigate the properties of the interface
at the lowest achievable temperatures, approaching 100 ©K, where the superfluid is in the pure condensate
limit. At zero pressure, we induce the transition from B to A by applying a magnetic field of 340 mT, and
use a shaped field profile to stabilize and control the interface. These large field gradients make it difficult to
probe the interface region with vibrating wire resonator loops because they are driven by the Lorentz force
and their motion inferred from the induced Faraday voltage. Consequently we have turned to quartz tuning
forks as an alternative mechanical probe, since they are driven and detected piezoelectrically and thus operate
independently of any applied magnetic field. We have built an experimental cell containing probe forks in
which we can move the AB interface and monitor the interaction with the forks. Here we detail the efforts
involved in building such an experiment, not least in tuning the fork frequencies so that they do not interfere
with each other, and present preliminary data.

Keywords: phase transition, quantum fluid, helium-3, quartz tuning fork
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Branes, strings and boojums; defects in *He and the cosmos

R. P. Haley
Department of Physics, Lancaster University, Lancaster, LA1 4YB, United Kingdom

The order parameter of the superfluid *He condensate exhibits broken symmetries that show close analogs
with those broken in the various transitions undergone by the Universe after the Big Bang. Fortunately for
us, the 3He order parameter is also sufficiently complex that the superfluid may exist in several phases, the
two most stable being the A and B phases. At Lancaster we have developed techniques to investigate the
properties of the interface between the A and B phases in the pure condensate limit, far below the superfluid
transition temperature. The order parameter transforms continuously across the A—B boundary, making this
interface the most coherent two-dimensional structure to which we have experimental access. It has been
argued that this ordered 2-d surface in a 3-d bulk matrix, separating the two phases, can provide a good
analog of a cosmological brane separating two distinct quantum vacuum states. In superfluid He the creation
of such 2-branes must lead to the formation of point and line defects in the texture of the 3-d bulk, simply
as a result of the constraints imposed by the interplay of the order parameter symmetries and the geometry
of the container. Furthermore, our experiments have shown that removing the 2-branes from the bulk, in a
process analogous to brane annihilation, creates new line defects in large quantities. Such observations may
provide insight into the formation of topological defects such as cosmic strings arising from brane interactions
in the early Universe. Up to now our experimental techniques have only allowed us to infer the properties
of the interface and defects by measuring how they impede the transport of quasiparticle excitations in the
superfluid, which is essentially a remote measurement. Our new experiments allow us to directly probe the
interface, its annihilation, and the defects spawned.

Keywords: superfluid, helium-3, A phase, B phase, interface, phase transition, topological defects
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Absorption spectrum of Mg atoms in pressurized liquid “He and superfluid helium
mixtures

A. Hernando, D. Mateo, M. Barranco, and M. Pi

Departament ECM, Facultat de Fisica, and IN2UB, Universitat de Barcelona. Diagonal 647, 08028 Barcelona,
Spain

We present theoretical results, based on fully three-dimensional Density Functional calculations,! describing
the excitation spectrum of the 3s2 'Sy — 3s 3p P; transition of Mg impurity in liquid helium at zero
temperature as a function of pressure (P) and >He concentration (x3). In the case of pure liquid “He, our
calculations reproduce the line shape and shift of the absorption spectrum as a function of P.2

We predict that the dependence of the absorption line on x5 is very weak. This is due to the fact that line
shift and shape is mostly sensitive to the total He density in the impurity environment, and not to its actual
composition. Since the atomic shift for impurities immersed in liquid *He and ®He is very different, our result
may lead to an experimental confirmation of the calculated structure of the first solvation shell around Mg
and other dopants in liquid He mixtures.?

1. A. Hernando et al., J. Low Temp. Phys. 158, 105 (2010).

2. Y. Moriwaki and N. Morita, Eur. Phys. J. D §, 53 (1999); Y. Moriwaki et al., J. Mol. Struct. 786, 112
(2006).

3. M. Barranco et al., J. Low Temp. Phys. 142, 1 (2006).

Keywords: liquid helium, atomic impurities, absorption spectrum
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Proximity-induced odd-frequency pair in liquid *He in aerogel
S. Higashitani®, Y. Nagato®, and K. Nagai®

“Graduate School of Integrated Arts and Sciences, Hiroshima University, Japan
bInformation Media Center, Hiroshima University, Japan

We discuss the proximity effect in superfluid 3He filled partly with high porosity aerogel. When impurity
effect by the aerogel is strong enough (at low pressures) to destroy p-wave superfluidity in the aerogel, the
system can be regarded as a dirty normal Fermi liquid/spin-triplet p-wave superfluid junction. The proximity
effect in such a system is quite unconventional in a sense that the proximity-induced superfluidity is dominated
by the Cooper pairs with odd-frequency s-wave symmetry. Although the order parameter of superfluid 3He
is purely p-wave, any partial wave components of the pair amplitude can coexist near the interface owing to
broken translational symmetry. From general symmetry consideration for Green’s function, one can classify
those spin-triplet Cooper pairs into even-frequency odd-parity and odd-frequency even-parity. Among the
Cooper pairs near the interface, only the s-wave pair, which is robust against impurity scattering, can penetrate
deep into the aerogel. We have performed detailed numerical calculations for the spatial dependence of the
pair amplitudes near the interface using the quasiclassical Green’s function method. Based on fully self-
consistent calculations, we show that the admixture of odd-frequency and even-frequency pairs, in fact, occurs
near the aerogel/superfluid *He-B interface and thus the odd-frequency s-wave superfluidity is expected in
the aerogel layer.

Keywords: proximity effect, impurity effect, spin-triplet superfluid
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Superfluid *He immersed in radially squeezed aerogel : BEC of magnons and super-
fluid phase transition.

P. Hunger, Yu. M. Bunkov, E. Collin, and H. Godfrin
Institut Néel, CNRS and Université Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9, France

The squeezing of aerogel orients the orbital part L of the order parameter of the superfluid along the direction
of squeezing!. We investigated the properties of superfluid *He-B immersed in a radially squeezed aerogel
that orients L in the plane of squeezing?, perpendicular to the magnetic field. We performed pulsed NMR
experiments in the B phase of the superfluid where the anisotropy of the aerogel should stabilize a new mode
of coherent precession called HPD23. We observed long lived signals of free induction decay that prove
that a Bose Einstein condensate of magnons* can exist in these conditions without any external pumping.
We also studied the normal to superfluid phase transition in this sample using continuous wave NMR. At
cooling, the first signature of the superfluid phase on the NMR line appears as a positive frequency shift
before the transition temperature 7. defined by interpolation from the B phase. When this signal disappears
at temperatures below 7, we observe the usual A and B phases. This phenomenon is also observed at
warming, but with a positive frequency shift. Although not fully understood yet, it might be the signature of
an intermediate state between the normal and superfluid phases.

1. Kunimatsu, T. et al. (2007) JETP Lett. 86, 244.

2. Elbs, J. et al. (2008) Phys. Rev. Lett. 100, 215304.

3. Bunkov, Yu. M. and Volovik G. E. (1993) Sov. Phys. JETP, 76, 794.

4. Bunkov, Yu. M. and Volovik, G. E. (2010) J. Phys.: Condens. Matter 22 164210; arXiv:1003.4889.

Keywords: superfluid He, aerogel, magnon BEC, phase transitions, NMR
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Features of interaction of microwaves with He II
V.D. Khodusov and A.S. Naumovets
V.N.Karazin Kharkov National University, Ukraine

Based on interrelation between the thermodynamic and electromechanical phenomena in superfluid helium,
the explanation of experimentally found features of microwave interaction in the frequency range of 40-200
GHz in works ' ~3 is given. Due to fast roton-roton and roton-phonon interactions this excitation relaxes and
forms a wide pedestal. Alongside these fast processes, there are also slower processes of rotons’ scattering by
microwave photons taking place, which lead to additional absorption of energy of resonant microwaves and to
the appearance of a narrow resonant peak on the background of a wide pedestal. The theoretical explanation
of the influence which streams exert on resonant absorption of microwaves is given. The critical velocity
of stream at which absorption of microwaves was replaced by their radiation is found. Similar effects take
place in the plasma physics at the description of linear and nonlinear Landau attenuation of plasma waves
on particles, and also excitation of these waves by streams of particles, moving with the velocity higher than
some critical. The account of the component in roton, that is linear in electric field, allows an experimental
of linear splitting of a resonant line on two symmetric lines.

1. A. Rybalko et al., Phys. Rev. B 76, 140503(R) (2007); 2. A.S. Rybalko et al.,.Low.Temp.Phys. 34, 254
(2008); 3. A.S. Rybalko, et al., e-print arXiv: 0807.4810 (2008).

Keywords: resonant absorption, rotons, microwaves

Controlled flow measurements in superfluids

C.R. Lawson?, D.I. Bradley®, M. Clovecko®, S. N. Fisher®, A.M. Guénault®, R. P. Haley®, G. R.
Pickett®, R. Schanen?, V. Tsepelin?, and P. Williams®

“Lancaster University, Lancaster LA1 4BY, United Kingdom
bInstitute of Experimental Physics, Watsonova 47, 04 001, KoSice, Slovakia

We are developing a novel device to probe the flow of superfluids which allows for precise control of the
velocity for both oscillatory and DC motion. This consists of a large (25x8mm) square-shaped vibrating
wire that has a low resonant frequency, on the order of a few tens of Hertz, and large intrinsic damping.
Placed in a vertical magnetic field, a drive current through the wire causes deflection owing to the Lorentz
force. A small, higher frequency probe current is superimposed on the drive current, so that the position
and motion of the wire can be detected by small pickup coils placed nearby. Preliminary measurements
have been made in superfluid helium-4, showing that we can accurately control the instantaneous velocity of
the wire by controlling the drive current. In superfluid helium-3 we will use the device to probe frequency
dependence of the critical velocity for breaking Cooper pairs. This has been studied widely for vibrating
wires at frequencies on the order of 1 kHz, where pair-breaking occurs at roughly one third of the Landau
velocity, owing to the oscillatory nature of the flow, and the suppression of the order parameter at the wire
surface which leads to bound states. Crucially, pair-breaking below the full Landau velocity depends on there
being partial occupation of the bound states. For steady motion these states should be fully occupied, and
thus the full Landau critical velocity recovered. Our experiments will search for this cross-over region for
flow-induced pair-breaking.

Keywords: DC Wire, Vibrating Wire, Superfluid
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Superfluid *He confined in a single 0.6 micron slab:
the phase diagram and properties of the A phase

L. V. Levitin%, R. G. Bennett’, A. J. Casey?, B. Cowan®?, J. Parpia®, and J. Saunders®

“Department of Physics, Royal Holloway, University of London, Egham, Surrey, TW20 0EX, UK
bDepartment of Physics, Cornell University, Ithaca NY 14853, USA

We present our NMR study of superfluid 3He confined to a 0.6 micron thick slab. Preliminary results were
reported earlier’2. The slab is defined by a nanofabricated cavity and NMR is used both to identify the phases
and make quantative measurements of the suppression and distortion of the order parameter.

Confinement on a length scale comparable to the superfluid coherence length results in a suppression of the
order parameter and an alteration of the relative stability of different phases. We observe the confinement
to have a profound effect on the phase diagram. The superfluid transition temperature 75'*" is suppressed
compared to the bulk value. The A phase is stable in a wide range of the phase diagram below T5'%P. At
higher pressures and low temperatures where the coherence length is the shortest, the B phase with a planar
distortion is observed. Its properties and the underlying NMR model are presented on a separate poster.

By preplating the walls of the cell with *He we tune the surface scattering as observed by the change of 7512,
A-B transition temperature, and the order parameter suppression as measured by the NMR frequency shift.

1. R. G. Bennett et al., JLTP 158 (2010)
2. L. V. Levitin et al., JLTP 158 (2010)

Keywords: superfluid, Helium-3, confinement, slab, NMR, phase diagram, the A phase

Superfluid *He confined in a single 0.6 micron slab:
the B phase with a strong planar distortion

L. V. Levitin®, E. V. Surovtsev®, R. G. Bennett, A. J. Casey?, B. Cowan?, J. Parpia®, and J. Saunders®

“Department of Physics, Royal Holloway, University of London, Egham, Surrey, TW20 0EX, UK
bp. L. Kapitza Institute for Physical Problems, Moscow, 119334, Russia
“Department of Physics, Cornell University, Ithaca NY 14853, USA

We present our NMR study of the superfluidity of He confined to a 0.6 micron thick slab. The experimental
setup, phase diagram and properties of the A phase are presented on a separate poster. In a narrow slab
the isotropic B phase develops a large planar distortion due to the anisotropic boundary conditions. This
distortion is inhomogeneous across the slab. We extend the model of spin dynamics of the uniform distorted
B phase' to include inhomogeneities on a length scale short compared to the dipolar length. The agreement of
this model with our non-linear NMR measurements enables us to identify the phase as the planar distorted B
phase and to quantify the gap distortion. The state with a negative frequency shift observed earlier? is found
to be a metastable configuration of the same phase stabilised by the magnetic field.

Recently the stability of a stripe phase, a periodic structure of domains of distorted B phase, in a slab of 3He
was predicted.> We discuss the future prospects for detecting this state with NMR.

1. Yu. M. Bunkov and G. E. Volovik, JETP 76 (1993)
2. L. V. Levitin et al., JLTP 158 (2010)
3. A. B. Vorontsov and J. A. Sauls, PRL 98 (2007)

Keywords: superfluid, Helium-3, confinement, slab, NMR, the B phase, planar distortion, stripe
phase
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Quantum and classical turbulence in superfluids in the zero temperature limit

V. S. L’vov
Weizmann Institute of Science

Keywords: Turbulence
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Majorana edge modes of superfluid *He-A and B phases confined in a thin film
K. Machida

Okayama University

Keywords: Majorana edge modes
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Effects of Majorana edge fermions on dynamical spin susceptibility in
topological superfluid *He-B

T. Mizushima and K. Machida

Department of Physics, Okayama University, Okayama 700-8530, Japan

The low-energy quasiparticle structures in the vicinity of the specular surface of the superfluid He-B are
theoretically investigated, based on the Bogoliubov-de Gennes (BdG) framework. A non-trivial topological
invariant in the bulk of *He-B ensures the existence of surface Andreev bound states. The remarkable point
is that the topologially protected edge modes are made up of the equivalent contribution from the particle
and hole excitations, called the Majorana edge fermions. In contrast to Majorana zero modes in spinless
supefluids,! the Majorana fermions in the B-phase are accompanied with their counterpart by the time-reversal
symmetry, giving rise to the Ising-like anisotropy of the spin dynamics.?3* Here, we study the anisotropic
spin dynamics, based on the numerical diagonalization of the BdG equation, where the effect of the pair
creation and annihilation is underlined. We also propose an experimental way to detect the low-lying spectra
of the edge modes through the power law behavior of the low-temperature surface specific heat.

1. T. Mizushima and K. Machida, arXiv:1005.4738 and references therein.

2. S.B. Chung and S.C. Zhang, Phys. Rev. Lett. 103, 235301 (2009).

3. Y. Nagato, S. Higashitani, and K. Nagai, Phys.Soc. Jpn. 78, 123603 (2009).
4. G.E. Volovik, JETP Lett. 90, 398 (2009).

Keywords: Andreev bound states, >He, p-wave superfluids, Majorana fermions

Superfluidity of “He in a nanopore array of porous alumina

S. Murakawa®, Y. Chikazawa“®, R. Higashino®, K. Yoshimura®, Y. Shibayama“, K. Kuriyamab, K.
Honda, and K. Shirahama®

“Department of Physics, Keio University, Yokohama 223-8522, Japan
®Department of Biological Science and Chemistry, Yamaguchi University, Yamaguchi 753-8512, Japan

Recent experiments on superfluid “He confined in nanoporous media have unveiled a number of intriguing
phenomena caused by interplay of nanoscale confinement and interatomic correlation. “He in a porous glass
whose pore diameter is 2.5 nm undergoes a quantum phase transition by pressurization'. This unexpected
result strongly suggest that the superfluid order parameter is suppressed even if the pore size is an order
of magmitude larger than the superfluid coherence length (¢ ~ 0.3 nm). This anomalous suppression is
not only interesting as a novel correlation effect of confined Bosons, but also useful in developing a new
superfluid Josephson junction. Josephson effect in superfluid “He has been observed only by using micron-
sized apertures in the very vicinity of bulk lambda point, at which £ becomes comparable to the aperture
size?.

Here, we propose a novel Josephson device working at arbitrary temperature based

on the superfluid suppression in the nanopores. We employ well-characterized porous alumina (PA) plates as
a possible junction. By controlling the anodization process or by depositing diamond-like carbon on the PA
plate, we aim to realize an array of hundred millions nanopores of 2~5 nm in pore size. We have examined
superfluid “He in a regular triangular nanopore array (pore size: 45 nm, distance between the pores: 100 nm)
using an annulus-type torsional oscillator. The preliminary results will be discussed.

1. K. Yamamoto et al., Phys. Rev. Lett. 93, 075302 (2004).

2. E. Hoskinson and R. E. Packard, Phys. Rev. Lett. 94, 155303 (2005).
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Surface Majorana cone of the superfluid *He B phase

S. Murakawa?®, Y. Wada?, Y. Tamura®, M. Wasai?, M. Saitoh?, Y. Aoki%, R. Nomura?®, Y. Okuda?,
Y. Nagato®, M. Yamamoto®, S. Higashitani®, and K. Nagai®

“Department of Condensed Matter Physics, Tokyo Institute of Technology, Tokyo, Japan
bInformation Media Center, Hiroshima University, Higashi-Hiroshima, Japan
“Graduate school of Integrated Arts and Sciences, Hiroshima University, Higashi-Hiroshima, Japan

In the vicinity of a surface of unconventional superfluids and superconductors, density of states is modified
from the bulk one and additional low energy states are formed within the energy gap A. These new states are
called surface Andreev bound states (SABS) and are the universal feature in such systems. SABS are strongly
affected by the surface specularity S. In the specular scattering limit S = 1, the bound state quasiparticles
in superfluid >He B phase, which satisfy the Majorana condition: the equivalence of particle and antiparticle,
have a linear dispersion which is referred to as the Majorana cone.

To study SABS we measured a transverse acoustic impedance, which was very sensitive to the surface states.
S can be controlled by coating the surface with “He. Double peak structure of the impedance develops as
increasing S while only a single peak is observed in diffusive limit S = 0.! The new peak at lower temperature
is reproduced by a theory which properly takes into account the .S dependence of the surface density of states.
The growth of the new peak is a result of the formation of clearer Majorana cone at higher S and is the
experimental indication of the surface Majorana fermion in superfluid *He B phase.

1. S. Murakawa et al., Phys. Rev. Lett. 103, 155301 (2009); K. Nagai et al., J. Phys. Soc. Jpn. 77, 111003
(2008).
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Study for surface states of superfluid *He in non-unitary phases at high magnetic fields

S. Murakawa®, A. Yamaguchib, M. Arai®, M. Wasai®, Y. Aoki%, H. Ishimoto?, R. Nomura?, and Y.
Okuda“

“Department of Condensed Matter Physics, Tokyo Institute of Technology, Tokyo, Japan
®Institute for Solid State Physics, University of Tokyo, Kashiwa, Japan

Recently, surface states of unconventional superfluids and superconductors attract a lot of attentions. The
surface density of states is drastically modified from the bulk one and unique surface states are formed near
the Fermi energy. It is pointed out that the surface states of superfluid >He-B are recognized as the surface
Majorana fermions.

It was found that transverse acoustic impedance of liquid ®He is a good probe to study the surface states of
superfluid ®He.! We carried out the impedance measurements at high magnetic fields up to 13 T to study the
surface states of superfluid >He in non-unitary phases called A; and A, phases. In our previous experiments,
the behavior in each phase was different quantitatively. This difference could not be explained in a naive
weak-coupling theory. One possible origin of the difference is the magnetic scattering of quasiparticles off
the localized He atoms on the surface. To eliminate this effect, we coated the surface with about 2 layers
non-magnetic “He. Preliminary results show that the localized *He does not affect the surface state much.

1. Y. Aoki et al., Phys. Rev. Lett. 95, 075301 (2005); Y. Nagato et al., J. Low Temp. Phys. 149, 294 (2007).
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Relation between thermodynamic parameters and electric potential in the standing
second sound wave

K. Nemchenko and S. Rogova
Energy Physics Department, Karazin Kharkiv National University, Kharkiv, Ukraine

Superfluid “He possesses a number of unique features. One of them is existence of second sound. The condi-
tions of second sound excitation are well-known and were described long ago !. It is known that temperature
and heat flow resonances are observed in case of second sound excitation with an oscillating heat flow. This
phenomenon was described in 12, The experiments 12 showed that there are not only temperature resonances
but electric induction ones too. And electric induction resonances correlate with temperature resonances. In
this work we described theoretically temperature and heat spread in helium. We considered heater and he-
lium as the double-layer system. Temperature and heat transfer in the first layer (heater) was described with
usual thermal conductivity equation. Temperature and heat transfer in the second layer (superfluid 4He) was
described with the system of equations for superfluids with taking into account both dissipative thermal con-
ductivity mode and second sound mode. Resonance frequency and amplitude dependence on length of the
first layer was studied. Also we studied what part of the heat emitted in the first layer was transferred to the
superfluid layer in dependence of the first layer length and heat wave length. The obtained results may be

used for describing phenomena taking place in experiments 3. !

1. V. P. Peshkov, JETP 10,18 (1948) 2.V. P. Peshkov, JETP 8,16 (1946) 3. A. S. Rybalko, J of FNT, 30, 12
(2004)
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Radiation and propagation of phonon pulses in superfluid helium at high pressures

K.E. Nemchenko®, I.N. Adamenko?, V.A. Slipko?, and A.F.G. Wyatt

¢Karazin Kharkiv National University, Kharkiv, 61077, Ukraine
bSchool of Physics, University of Exeter, Exeter, EX4 4Q]l, United Kingdom

Using the derived expression for the signal on the detector of phonon pulses we consider experimental data
for various spatial situations of heater and detector under pressure of 24 bar, when phonons move in ballistic
regime. This consideration allows us to study radiation of phonons by gold heater to superfluid helium via
acoustic and background channels and determine main peculiarities of these mechanisms of radiation.

Keywords: phase transition, quantum gas, condensation, Nobel Prize
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Fourth sound of superfluid *He in aerogel

K. Obara
Osaka City University
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Surface Andreev states and surface Majorana states on superfluid *He-B

Y. Okuda
Department of Condensed Matter Physics, Tokyo Institute of Technology

The surface Andreev bound state of *He-B was found to be probed by the resonance of shear mode impedance
of the quartz transducer. If the resonance frequency is set at around the gap energy, the wall motion is strongly
affected by the quasi-particles scattering, which enables us to investigate the bound state in a spectroscopic
way. The fantastic point of He experiment is that we can change the boundary condition for the quasi-
particles by coating the wall with superfluid 4He film. Systematic measurement with changing *He film
thickness, that is to change the boundary condition (specularity), revealed that the response was excellently
reproduced by the theoretical calculation of the Andreev bound state in P wave superfluid. The important
result was that the spectral density at =0 (Fermi energy) was decreased, and comparatively enhanced at
higher energy as the specular parameter S was increased from O (completely diffusive) toward 1 (specular
limit). This variation of density of state was observed as an extra anomaly in the impedance!.

Recently Majorana Fermion, which is still an elementary particle within a theory, is theoretically predicted
to be realized in the surface bound state of *He-B at the specular interface. Though the impedance does not
probe the bound state at the specular limit, the experimental results are strongly suggestive to the Majorana
surface state close to the specular limit.

1. S. Murakawa et al., Phys. Rev. Lett. 103, 155301 (2009)
Keywords: Superfluid *He, Surface Andreev Bound State, Majorana Fermion
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Unconventional textural properties of superfluid *He-B in isotropic aerogel

J. Pollanen, J. Li, K.Y. Fang, C. Collett, W.J. Gannon, and W.P. Halperin
Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, USA

Low density silica aerogels provide an avenue to explore the role of impurity scattering on the unconventional
superfluid phases of He. Of particular interest is the affect of disorder on the orientation of the superfluid or-
der parameter. Experiments show that it is possible to realize oribital textures in *He in aerogel not possible in
the bulk superfluid' —*. We have performed pulsed nuclear magnetic resonance (NMR) experiments on >He-B
in isotropic 98.1% porosity aerogel. The cylindrical aerogel sample was characterized with an optical, cross-
polarization technique® to confirm the absence of globally preferred directions. With decreasing temperature
we find a smooth crossover from a dipole-locked 7i-texture near T, to a dipole-unlocked texture at temper-
atures, T< 1.2 mK at P = 25.75 bar. We find that this textural conversion is reproducible on both warming
and cooling. Additionally, the dipole-locked configuration can be prepared at low T with the application of
tipping angles exceeding ~ 40°. Experiments are currently ongoing to investigate the temperature, pressure
and tip angle dependence of this phenomenon. Support for this work from the NSF, grant DMR-0703656, is
gratefully acknowledged.

1. J.E. Baumgardner ef al., Phys. Rev. Lett., 93, 155301 (2004).
2. T. Kunimatsu et al., JETP Lett., 86, 216 (2007).

3. T. Sato et al., Phys. Rev. Lett., 101, 055301 (2008).

4. J. Elbs et al., Phys. Rev. Lett., 100, 215304 (2008).

4. J. Pollanen et al., J. Non-Crys. Sol., 354, 4668 (2008).
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The possibility of magnon BEC in antiferromagnetic MnCQO;
M. S. Tagirov®, Yu.M. Bunkov®, A.V. Klochkov?, and R.R. Gazizulin®

“Faculty of Physics, Kazan (Volga region) Federal University, Kazan, Russia
bInstitut NEEL, CNRS, France

The Bose-Einstein condensation (BEC) of magnons was observed in 1984 in superfluid *He-B !. For a last 25
years there was found 5 different magnon BEC states in superfluid He 2. The other similar magnetic system
is the coupled nuclear-electron system in some antiferromagnets. Particularly, in MnCOg the frequency of
antiferromagnetic resonance can be very low, about few GHz, and the frequency of NMR %°Mn in a hyperfine
field is about 600 MHz. The modes of coupled nuclear electron precession depends on the relative orientation
and its frequency changes with the deflection of nuclear magnetization from the axis of hyperfine field 3.
The theoretical investigations shows the possibility to create the magnon BEC with a 90° deflected nuclear
magnetization in MnCOg and similar antiferromagnets.

This work is supported by the Ministry of Education and Science of the Russian Federation (FTP ”Scientific
and scientific-pedagogical personnel of the innovative Russia” contract N 02.740.11.5217)

1. Borovik-Romanov A.S., Bunkov Yu.M., Dmitriev V.V., Mukharskiy Yu.M.(1984) JETP Lett. 40, 1033.
Fomin LLA., JETP Lett. 40, 1037.

2. Bunkov Yu.M. and Volovik G.E. (2010) J. Phys.: Cond. Matter 22 (2010) 164210; arXiv:1003.4889.

3. Borovik-Romanov A.S., Bunkov Yu.M., Dumesh B.S. (1977) Physica 86 76 1301.

Keywords: Superfluid 3He, magnon BEC, Phase transition, NMR
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Majorana edge modes of superfluid *He A- and B-phases

Y. Tsutsumi, T. Mizushima, M. Ichioka, and K. Machida
Department of Physics, Okayama University, Okayama 700-8530, Japan

Majorana quasi-particles (QPs), which are defined by 4T = ~ implying that the particle and antiparticle are
identical, have attracted much attention in the wide research field. One of the candidate systems that support
existence of the Majorana QPs is a spin triplet superfluid. The Majorana modes, which are associated with the
Andreev bound states, appear at the edge of the superfluid. Motivated by a recent experiment of the superfluid
3He confined in a thin slab!, we design a concrete experimental setup to observe the Majorana edge modes.
By solving the quasi-classical Eilenberger equation, which is quantitatively reliable, we evaluate the local
density of states (LDOS) and the mass and spin currents along the edge. It is demonstrated that the peak
energy of the angle-resolved LDOS forms a “Dirac valley” and the mass current flows at the edge for the A-
phase?. In contrast, the angle-resolved LDOS in the B-phase reveals the existence of the Majorana cone and
the spin current is found to flow three-dimensionally. Based on the quantitative results, we propose feasible
and verifiable experiments of the specific heat and torque due to the edge current to check the existence of the
Majorana edge modes.

1. R. G. Bennett, L. V. Levitin, A. Casey, B. Cowan, J. Parpia, and J. Saunders, J. Low Temp. Phys. 158, 163
(2010).
2. Y. Tsutsumi, T. Mizushima, M. Ichioka, and K. Machida, cond-mat/1004.2122.

Keywords: Majorana modes, slab geometry, quasi-classical theory

A novel approach to measure force-velocity behaviour of flow in superfluid “He

P. Williams®, D. I. Bradley?, S. N. Fisher®, A. M. Guénault?, R. P. Haley?, C. R. Lawson®, M.
Clovetko?, G. R. Pickett®, R. Schanen?, and V. Tsepelin®

“Physics Department, Lancaster University, Lancaster, LA1 4YB. United Kingdom
bCenter of Low Temperature Physics, Institute of Experimental Physics, Watsonova 47, 04 001 Kosice, Slo-
vakia

Measurements of the relation between driving force and velocity for objects immersed in superfluid helium-4
are used to probe the dynamics of superfluid flow, for example in studying the transition from laminar to
turbulent flow. Such measurements are often made with oscillating objects such as vibrating wire loops.
These loops are placed in a magnetic field and set into motion by the Lorentz force when a drive current is
passed through them. The loops are typically on the order of a few mm in size, and vibrate at kHz frequencies.
Here we have developed a new technique to study the DC flow around a moving object. A much larger loop
of wire is bent into a ”goalpost” shape with leg length 25mm long and cross-bar 10mm. This gives it a low
resonant frequency of a few tens of Hertz, and a resonance with a low quality factor. We can then control the
drive current so that the wire can be accelerated and brought into steady DC motion, sweeping from one side
to another, rather than oscillating. Further, we apply an additional small AC current to the wire and measure
the signal induced in two pickup coils placed either side of the wire. Thus we are able to measure the position
of the wire in real time with micron accuracy. We have used the technique to measure force-velocity curves
in both normal and superfluid helium-4, and compare these with oscillatory flow measurements.

Keywords: Superfluid “He, DC Flow
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A novel design of a spin pump cell in superfluid *He-A phase

A. Yamaguchi®, G. Motoyama®, A. Sumiyama?, Y. Karaki®, Y. Aoki¢, Y. Okuda®, and H. Kojimad

“Graduate School of Material Science, University of Hyogo
bInstitute for Solid State Physics, University of Tokyo
“Department of Condensed Matter Physics, Tokyo Institute of Technology
d . . . .
Serin Physics Laboratory, Rutgers University

Recent experimental studies of superfluid *He A; phase indicate that enhancement of spin polarization can be
achieved by a mechanical spin pump method!. In the spin pump cell, the spin-polarized superfluid is forced
through a superleak into a small chamber to increase the polarization in the chamber. So far, measurements
in an applied static magnetic field of 5 tesla indicate that the spin polarization increased by 40% from that
produced by the static field. We present here a new design for spin pump cell to achieve much higher polar-
ization. Using the new cell, we are planning to measure changes in (1)NMR frequency, (2)viscosity, (3)the
simple mechano-spin effect, P « .5 (where P is pressure and .S is spin density), (4)spin relaxation rate,
and (5)the transition temperatures (T.; and T.2) of the A; phase, as polarization is increased.

1. A. Yamaguchi, S. Murakawa, Y. Aoki, H. Ishimoto and H. Kojima, Phys. Rev. B 80, 052507(2009).
Keywords: Superfluid 3He, A; phase, Highly polarized He

Mg,,, clusters in superfluid “‘He droplets
R. E. Zillich®, S. Janecek?, E. Krotscheck?, and M. Liebrecht®

“Institut fiir Theoretische Physik, Johannes Kepler Universitit, 4040 Linz, Austria
bInst Ciencia Mat, Barcelona 08193, Spain

Capturing atoms in “He nanodroplets allows to assemble cold nanoclusters in a well controlled step-by- step
way. We present calculations of small Mg,, clusters in larger “He droplets that provide a full multi-scale
description of all degrees of freedom of such a system: the electrons of the Mg,,, cluster, the motion of the
ions of the cluster and the motion of the “He atoms surrounding the cluster. We employ density functional
theory (DFT) for the electronic structure of Mg, and path integral Monte Carlo (PIMC) simulations for
the superfluid “He droplet. We have developed a phenomenological model for the interaction between the
cluster and the surrounding “He, and show that simple pair-wise potential models fail. By minimzing the total
energy, the Mg ion positions of the clusters are annealed in the “He environment, including the *He response
self-consistently. We discuss the effect of the “He matrix on the electronic structure and the equilibrium
configuration of the Mg, cluster.

Keywords: helium nanodroplets, quantum matrix, metal clusters
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Metastable liquid para-H- at very low temperatures

J. Boronat, R. Rota, O. Osychenko, and E. Sola

Departament de Fisica i Enginyeria Nuclear, Universitat Politecnica de Catalunya, Campus Nord B4-BS5,
E-08034 Barcelona, Spain

Using quantum Monte Carlo methods, we have studied the ground-state properties of metastable liquid para-
Hs in the limit of zero temperature. With the help of a proper importance sampling, we have been able to
frustrate the formation of the crystal which is the true ground state of the bulk phase. The equation of state of
the liquid and related properties are then studied and compared with the ones of the stable solid phase. The
study has also been extended to small clusters to analyze the stability of liquid versus solid clusters, pointing
to the existence of stable liquid clusters up to a quite large number of molecules. Finally, we report results
on the frustration of the crystal at finite temperatures. In this case, we observe the formation of a glass or
amorphous solid phase that becomes superfluid at temperatures close to 1K.

Keywords: hydrogen, superfluid
INVITED PAPER

Detailed low 7" study of PdH,. system by torsional oscillator: = dependent responses
S. Harada®, T. Donuma®, H. Araki?, T. Kakuda?, R. Nakatsuji%, and M. Kubota®

“Institute for Solid State Physics, University of Tokyo, Japan
bFaculty of Engineering, Niigata University, Niigata, Japan
“Graduate School of Sci. & Tech., Niigata University, Niigata, Japan
9Nagaoka National College of Technology, Niigata, Japan

Hydrogen atoms dissolve in Pd at densities up to one H atom per Pd, which provides higher atomic H density
than in solid He. They are known to have large diffusion coefficient due to quantum tunneling. Torsional
oscillator(TO) technique is employed to investigate the phases of H in Pd, which is known to show phase
boundaries at the lowest 7' among metal-hydrogen (MH) systems. Specific heat measurements have been
performed for PdH, with = up to high H concentration specimens’+? to establish the unique x — T" phase
diagram. We have, in addition, been performing TO experiments, which is a well-established, powerful
method to investigate superfluidity and quantum vortices of liquid He as well as dislocation dynamics, in
order to study the atomic H dynamics in the PAH(D),, system. Our TO experiments have shown the resonance
frequency shift and the @) value change for PdH,, 0.16 =< x =< 0.75 specimens at the lowest 7", which can
be largely explained by the lattice deformation by H intrusion. This = dependent contribution has a smaller
additional change depending on x and 7. We will show the details of experimental data and discuss the
possible occurrence of quantum phenomena for the hydrogen system.

1. H. Araki,etal., J. Low Temp. Phys. 134 1145-1151 (2004).
2. H. Araki, S. Harada, and M. Kubota, J. Phys. Chem. Solids 66 1490-1492 (2005).

Keywords: phase transition, hydrogen, palladium, specific heat, torsional oscillator, frequency shift
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Atomic hydrogen in thick H, films at temperatures 0.05-2 K

J. Jirvinen®?, V. Khmelenko®¢, D. M. Lee®¢, J. Ahokas?, and S. Vasiliev?

“Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca NY 14850, USA
bInstitut Néel, CNRS, BP 166, 38042 Grenoble cedex 9, France

“Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843,USA
dDepartment of Physics and Astronomy, University of Turku, 20014 Turku, Finland

We describe experiments on hydrogen atoms stabilized in 100 pm thick Hs film at temperatures between 0.05
and 2 K. The molecular hydrogen matrix was condensed directly from natural hydrogen gas. The H atoms
are produced with a plasma discharge at temperatures below 1 K and studied with 130 GHz electron spin
resonance. The highest H densities of 2 x 1019 cm~2 in solid Hy were observed. The results indicate that H
atoms in the samples are stable for weeks of observation below 500 mK and their lowest two hyperfine states
have non-thermal populations. In addition to dramatically confirming the large departure from Boltzmann
statistics seen earlier,!:? it was found that the ESR resonance lines consisted of two closely spaced compo-
nents with different widths indicating separate regions of high and low concentrations of H atoms in the Hy
matrix. Upon warming, the two components show very different rates of recombination with the higher den-
sity component having a faster recombination rate. We discuss the atomic interactions and mobility, and also
the structure of the samples of H atoms in the Ho matrix.

1. J. Ahokas, J. Jarvinen, V. V. Khmelenko, D. M. Lee, and S. Vasiliev, Phys. Rev. Lett. 97, 095301 (2006)
2. J. Ahokas, O. Vainio, S. Novotny, J. Jarvinen, V. V. Khmelenko, D. M. Lee, and S. Vasiliev, Phys. Rev. B
81, 104516 (2010)

Keywords: solid hydrogen, quantum solids

Dynamics of HD molecules trapped in the cages of zeolite

Yu. Ji%, N. S. Sullivan®?, and J. A. Hamida®

“Department of Physics, University of Florida, Gainesville, F1 32611, USA.
®National High Magnetic Field Laboratory, University of Florida, Gainesville, F1 32611, USA.

There is considerable interest in the use of mesoporous structures (e.g. zeolites and metal organic frameworks)
for hydrogen storage® but little is known about the molecular interactions and the dynamics of molecules
inside the cages of these structures. In order to determine these properties we have measured the nuclear
magnetic spin-lattice and spin-spin relaxation times of HD molecules trapped in the a-cages of Zeolite 13X
for a wide temperature range 1.6 < 7" < 20K. The measurements were made using the technique of nuclear
relaxation spectroscopy? for which the relaxation process can be described in terms of a set of connected
energy baths. The spin-lattice relaxation times depend directly on the heat capacities of the energy baths and
thus on the translational modes of the trapped HD molecules®. Distinct peaks are observed for the spin-lattice
relaxation times while the spin-spin relaxation times are temperature independent below 16 K followed by a
jump by a factor of 650 at 16 K, corresponding to the onset of intercage diffusion.

1. Liu, Y.; Kabbour, H.; Brown, C.M.; Neumann, D. A. and Ahn, C.C. (2008). “Increasing the density of
adsorbed hydrogen with coordinatively unsaturated metal centers in metal-organic frameworks”, Langmuir,
24(9), 4772.

2. Ji, Yu; Hamida, J. A. and Sullivan, N.S. (2010). "NMR Studies of Quantum Rotors Confined in Zeolite”,
J. Low Temp. Phys. 158, 509.

3. Liboff, R. L. (1998). Introductory Quantum Mechanics”, Addison Wesley, Massachusetts, P. 429.
Keywords: hydrogen storage, magnetic resonance, thermal relaxation, quantization
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Exchange tunneling chemical reactions of hydrogen isotopes in nanoclusters immersed
in superfluid helium.

V.V. Khmelenko

Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA

We review results of studying exchange tunneling chemical reactions of atoms and molecules of hydrogen
isotopes in impurity-helium condensates. Impurity-helium condensates are formed by injection atoms and
molecules from radio-frequency discharge into bulk superfluid “He at T=1.5 K and they consist of collection
of nanoclusters of impurity immersed in superfluid helium. It was found that stabilized atoms mostly reside
on the surfaces of the nanoclusters.! The rate of exchange tunneling chemical reactions of hydrogen isotopes
in impurity-helium condensates are usually faster compared to that in bulk molecular matrices of hydrogen
isotopes.?

In the mixed krypton-hydrogen nanoclusters light impurities form a layer on the krypton core.? By changing
the thickness of the layer of hydrogen isotopes it is possible to influence the rate of exchange tunneling
chemical reactions. In the thin layers of Ho molecules on the surfaces of Kr nanoclusters the recombination
of H atoms was completely suppressed.

1. Bernard, E.P., Khmelenko,V.V., Lee, D.M., J. Low Temp. Phys. 150, 516 (2008)
2. Khmelenko,V.V., Bernard, E.P.,Vasiliev, S., Lee, D.M., Russ. Chem. Rev. 76, 1107 (2007)
3. Boltnev, R.E., Bernard, E.P., Jarvinen, J., Khmelenko,V.V., and Lee, D.M., Phys.Rev. B 79, 180506 (2009)

Keywords: atomic and molecular hydrogen, exchange tunneling reactions, nanoclusters
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Matrix isolation of H atoms at low temperatures

D.M. Lee
Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA

The recent history of the matrix isolation of atomic free radicals at low temperatures started with a re-
search program at the US National Bureau of Standards and continuied with the important breakthrough
at Chernogolovka in Russia where a jet containing atomic free radicals was directed onto the surface of su-
perfluid “He. The samples collected consisted of gel-like substances made up of molecular nanoclusters,
allowing the atomic free radicals to be isolated from one another and studied at 1.3 K. More recently, tech-
niques were developed at Turku University which have been made the region T<1 K accessible for studies
of H atoms entrapped in H, films. Very high concentrations of H atomic free radicals (~ 108 - 10 atom
cm~3) have been attained using both the Turku and Chernogolovka methods.A discussion of the most recent
experiments at Cornell and Turku will be given. Microwave and mm wave electron paramagnetic resonance
techniques, as well as preliminary SQUID measurements have been employed in these experiments. These
techniques permitted studies of the exchange tunneling chemical reaction D+HD—H+D,. Diffusion of H
atoms through solid Hy proceeds via the reaction H+Hs—Hs+H, leading to recombination at higher temper-
atures (H+H—H>). Quantum overlap of H atoms is thought to be responsible for exotic behavior of H atoms
in solid H, films below 1 K, including a significant departure from the Boltzmann distribution of the relative
populations of the two lowest hyperfine levels of atomic H.

Keywords: Matrix Isolation, Atomic and Molecular Hydrogen, Magnetic Resonance
INVITED PAPER
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Magnetic resonance study of H atoms in solid H, at temperatures below 1K

S. Vasiliev

Wihuri Physical Laboratory, Department of Physics and Astronomy, University of Turku, 20014 Turku, Fin-
land

We review our recent experiments with H atoms embedded in films of Hy at temperatures below 1 K L
Solid Hy films were created by slow recombination of H atoms in the gas phase or by direct deposition from
H, vapor. We implemented a novel method of generating atomic populations inside the H, films, using a
direct dissociation by a pulsed low power r.f. discharge in the sample cell. With this method we achieved
record high atomic concentrations exceeding 2x10'® cm™3. The samples were characterized by means of
magnetic resonance: electron spin resonance (ESR) and electron-nuclear double resonance (ENDOR) in a
magnetic field of 4.6 T. We observed density dependent broadening and shifts of the ESR lines due to the
dipolar interactions, and resolved these effects for like and unlike atoms. We also found two narrow lines
in the ENDOR spectra of H in Hy films shifted to the red from the position for free atoms. This indicates
two possible substitutional positions of the atoms in Hy matrices, both characterized by very homogeneous
crystalline fields. Relaxation of the relative hyperfine populations was measured as a function of temperature
for H in Hs films grown on different substrates. For Hs films on Mylar substrates the relative equilibrium
populations of the two lowest hyperfine states of H were found to deviate substantially from the prediction of
Boltzmann statistics. We discuss the possibility of observing collective quantum phenomena in this system.

1. J. Ahokas, O. Vainio, S. Novotny, J. Jarvinen, V. V. Khmelenko, D. M. Lee, and S. Vasiliev Phys. Rev. B
81, 104516 (2010)

Keywords: quantum diffusion, supersolids, BEC, Electron-Spin Resonance
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Classical turbulence on the surface of quantum liquids

L. V. Abdurakhimov, M. Yu. Brazhnikov, I. A. Remizov, and A. A. Levchenko
Institute of Solid State Physics RAS, Chernogolovka, Russia

Superfluid helium-4 is a unique liquid for experimental study of capillary wave turbulence due to its very
low viscosity in comparison with conventional liquids (water, for example). The use of He-II allowed us to
investigate classical capillary turbulence in two different regimes: kinetic mode of wave turbulence (WT) and
discrete mode of wave turbulence (DWT). In the case of DWT, contrary to the kinetic mode of wave turbu-
lence, the influence of discreteness of experimental cell resonant frequencies on the behaviour of turbulent
cascade is a key factor. In our experiments with strong excitation of surface waves at a resonant frequency of
the cell, as well as in experiments with noisy pumping in frequency band, WT regime is realized, and turbulent
spectra are well described by power law function (Kolmogorov-Zakharov spectrum). Whereas in measure-
ments with moderate amplitudes of resonant frequency excitation of waves, the both states are observed: WT
is realised at low frequencies, and DWT — at high frequencies. Namely, it was found that at low frequencies
turbulent distribution was described by Kolmogorov-Zakharov spectrum, while at high frequencies local max-
imum was formed — wave energy accumulation near high-frequency edge of inertial interval w,. In our model
the formation of local maximum is caused by detuning effect of nonlinear harmonic frequencies and resonant
frequencies of surface oscillations in the cell, because the ratio of resonance width (which is determined by
both nonlinear interaction and viscous dissipation) to the distance between two neighbour resonances has
minimum and is less than unity near wy.! The work was supported by RFBR grants No 09-02-01146 and
07-02-00728.

1. Abdurakhimov, L.V. et al (2010), JETP Letters, 91(6), pp. 271-276
Keywords: superfluid helium-4, capillary waves, wave turbulence
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A study of the motion of particles in superfluid helium-4 and interactions with vortices

D. Jin® and H.J. Maris?
“Department of Physics, Brown University, Providence, Rhode Island 02912, USA
bDepartment of Physics, Brown University, Providence, Rhode Island 02912, USA

We describe experiments in which a sound pulse is used to inject small particles into liquid helium at temper-
atures between 1 and 3 K. The motion of these particles is then observed. We are able to observe the effect
of applying an impulse to a particle that is attached to a vortex. We also report on a number of surprising
motions of particles and discuss possible explanations.

Keywords: superfluid helium-4, vortices, particle motion
INVITED PAPER

48



4 HELIUM HYDRODYNAMICS

Acoustic resonance of superfluid *He in parallel plates

K. Obara, C. Kato, S. Sasamoto, H. Yano, O. Ishikawa, and T. Hata
Department of Physics, Osaka City University, Osaka, JAPAN

We have performed an acoustic resonance experiment of superfluid 3He confined in a stack of parallel plates.
The stack consists of the polyimide films, parting and spacer strips, which are brought down by the laser-
cutting technique. Thickness of spacers are 13, 25 and 50 pym. The magnetic fields is possible to apply in
arbitrary direction to parallel plates. The anisotropy of superfluid *He will appear conspicuously by applying
the constraint of the direction of the magnetic field in addition to a geometric one. A similar experiment was
done by Kojima®, but it was only superfluid density that was measured. Because we developed a high sen-
sitivity sensor, it is possible to obtain hydrodynamic properties by measuring the line width of the resonance
line, in addition to superfluidity density. As a result, we found the fourth sound resonance. From its velocity,
we have calculated the superfluid density, revealing no size effect because the gap between parallel plates are
much larger than the superfluid coherence length. From its line width, we have calculated the energy loss of
the resonance. We found that the hydrodynamic theory? qualitatively describes its temperature dependence,
but it cannot describe the gap width dependence. Possible explanations will be discussed. Moreover, we have
found the new resonance that appears only in a simple slab geometry and that is not able to assign to known
sound.

1. Kojima, H. (1975). “Superfluid Density of *He Measured by Fourth Sound”, Journal of Low Temperature
Physics.

2. Jensen, H.H. (1983.) “Boundary Effects in Fluid Flow. Application to Quantum Liquids”, Journal of Low
Temperature Physics.

Keywords: Supefluid, confined geometry, hydrodynamics

Turbulent convection :
does the ultimate regime really follow Kraichnan prediction ?

P-E. Roche, F. Gauthier, R. Kaiser, and J. Salort
Institut Néel, CNRS / UJF - BP 166, F-38042 Grenoble cedex 9, France

Gaseous and liquid He convection cells allow to explore the laws of highly turbulent heat transfer with un-
precedented accuracy. Surprisingly, experimental results fall into two categories : some evidence an abrupt
enhancement of the heat transfer while others do not. The origin of this apparent disagreement is presently
unexplained and has generated a long-standing controversy. We present the result of a 6 years long systematic
study of the regime with an enhanced heat transfer, originally named the “Ultimate Regime” of convection.
In particular, we varied independently the 3 control parameters of the system (cell aspect ratio, Rayleigh and
Prandtl numbers) in order to disentangle their relative contribution.

Among the main results, it is found that :

1) most experiments reaching very high Ra are not in disagreement if small differences in Prandtl numbers
are taken into account,

ii) the transition is not directly triggered by the large scale circulation present in the cell as assumed in the
literature,

iii) the sidewall of the cell have a significant influence on the transition.

The characteristics of this Ultimate regime are summarized and compared with R. Kraichnan prediction for
the asymptotic regime of convection.

Keywords: turbulence, Rayleigh-Benard convection, ultimate regime
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On sound emission of quartz tuning forks in liquid helium

G. Sheshin®, D. Schmoranzer®, M. LaMantia®, M. Rotter?, V. Chagovetsb, I. Gritsenko?, E. Rudavskii®,
A. Zadorozhko?, and L. Skrbek®

?Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, 121 16, Prague, Czech Republic
YB. Verkin Institute for Low Temperature Physics and Engineering, 47 Lenin Ave., 61103, Kharkov, Ukraine

Commercially produced quartz tuning forks have recently become a widely used tool in quantum fluids re-
search. By measuring the resonance characteristics of the sensitive devices valuable information on the kine-
matic viscosity, cavitation, transition to classical and quantum turbulence have been obtained for *He, 3He
and *He-*He mixtures. While for tuning forks oscillating at relatively low frequencies (in many cases for
the most common 32 kHz ones as well, except at very low temperatures, the losses due to acoustic emission
of first sound could usually be neglected, however, for higher frequency forks (e.g., 77 kHz and 100 kHz
available ones), acoustic emission becomes the dominant dissipative process. We present a systematic exper-
imental study over a wide temperature range including the zero temperature limiting gaseous, normal liquid
and superfluid “He as well as in *He-*He mixtures backed up by theoretical considerations, demonstrating
clearly the relative importance of acoustic emission and laminar viscous drag for various types of tuning forks
in “He. Moreover, experimental evidence is presented that forks affect each other via their acoustic velocity
fields in classical fluids as well as in superfluids.

Keywords: quartz tuning fork, sound emission, cryogenic helium

Fractional hydrodynamic of superfluid helium and Galilean non-invariance

D.A. Tayurskii and Yu. V. Lysogorskii
Department of Physics, Kazan (Volga region) Federal University, Kazan, Russia

It was shown!? that to describe superfluid dynamics in nanoporous media with fractional dimension it’s
necessary to take into account the nonuniform (fractal) structure of confinement. In the present work we
use the fractional Hamiltonian® and show that it leads to the Galilean non-invariance of dynamics equation
for superfluids. As a consequence one needs to choose the especial reference frame where, for example,
nanoporous media is in a rest as well as to introduce additional potential into two-fluid hydrodynamic model.
This work is supported by the Ministry of Education and Science of the Russian Federation (FTP ”Scientific
and scientific-pedagogical personnel of the innovative Russia” contract N 02.740.11.0797).

1. Tayurskii D.A. et al (2009), Journal Of Physics: Conference Series 150, 032110.
2. Tayurskii D. A. et al (2009), Journal Of Low Temperature Physics 158, 237-243.
3. Laskin N. (2002) Physical Review E 66, 1-7.

Keywords: nanoporous media, superfluid hydrodynamic, fractional dimension
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Non-classical velocity statistics in superfluid turbulence

C. Barenghi
Newcastle upon Tyne

Keywords: Turbulence
INVITED PAPER

Fractal dimension of quantised vortex filaments and emission of vortex rings in the
Kelvin wave cascade

C.F. Barenghi and A.W. Baggaley

School of Mathematics and Statistics, Newcastle University,
Newcastle upon Tyne, NE1 7RU, United Kingdom

The idea of the Kelvin waves cascade was introduced [1,2,3] to explain the observed decay of superfluid
turbulence at very low temperatures [4]. We report results of numerical simulations of the time evolution
of quantized vortex filament following a vortex reconnection. We study the resulting Kelvin waves cascade
and compare the amplitude spectrum with existing theories [5,6]. We show that the vortex filaments become
fractal, and that large-amplitude twisting of the filaments leads to secondary reconnections and the emission
of small vortex rings.

1. B. Svistunov, Phys. Rev. B 52, 3647 (1995).

2. D. Kivotides, J.C. Vassilicos, D.C. Samuels and C.F. Barenghi, Phys. Rev. Letters, 86, 3080 (2001).
3. W.F. Vinen, M. Tsubota and A. Mitani, Phys. Rev. Lett. 91, 135301 (2003).

4. S.1. Davis, P.C. Hendry and P.V.E. McClintock, Physica B 280, 43 (2000).

5. E. Kozik and B. Svistunov, J. Low Temp. Phys. 156, 215 (2009).

6. V.S. L'vov and S.V. Nazarenko, arXiv:0911.2065v5 (2010).

Keywords: Kelvin waves cascade, Kelvin waves, quantum turbulence, vortex ring, fractal dimension
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Formation of quantized vortices by vibrating bodies in HeIll at 7' — 0 K

V. Efimov®?, Deepak Gargb , M. Giltrow®, W.E. Vinen¢, L. Skrbek?, and P.V.E. McClintock”

“Institute of Solid State Physics RAS, Chernogolovka, Russia

YPhysics Department, Lancaster University, Lancaster, UK

“School of Physics and Astronomy, University of Birmingham, B15 2TT, UK

dFaculty of Mathematics & Physics, Charles University Prague, CR-12116 Prague, Czech Republic

We are studying the oscillations of quartz tuning forks and a copper grid, and their mutual interactions, in
He II at temperatures down to 7' ~ 10 mK. The free decay of grid vibrations fell into three distinct regions:
(a) a high amplitude regime where the energy loss was extremely fast, probably associated with production
of quantum turbulence (QT) around the grid; (b) an intermediate amplitude regime of slower decay that we
may associate with the formation of individual vortices; and (c) a lower amplitude regime corresponding to
energy loss only through “nuisance damping” of the grid. With one fork used as a generator of vortices, and
the other as a detector at a distance of ~1 cm, we observed that the quality @) and resonant frequency of the
detector were sensitive to an increase in the amplitude of generator fork once a critical velocity v.; ~1cm/s
was exceeded. The detector behaviour changed again when the generator velocity exceeded v.o ~ 15cm/s
and generator fork created QT. Similar behaviour was observed with the grid used either as a detector or
a generator. We suggest that v.1, the oscillation amplitude above which the fork prongs exhibit increased
dissipation and the grid starts to exhibit faster decay, may correspond to a process in which Kelvin waves on
pinned vortices lead to reconnection and production of vortex rings. These rings can traverse the generator-
detector separation and influence the detector response provided that they are not screened by QT created by
the detector.

Keywords: Quantum turbulence, superfluidity, vortexes

Turbulent superfluid profiles in a counterflow channel
L. Galantucci®?, C.F. Barenghib, M. Quadrio?, P. Luchini€¢, and M. Sciacca®¢

“Dipartimento di Ingegneria Aerospaziale, Politecnico di Milano, Italia
bSchool of Mathematics and Statistics, Newcastle University, UK
“Dipartimento di Ingegneria Meccanica, Universita di Salerno, Italia
dDipartimento di Metodi e Modelli Matematici, Universita di Palermo, Italia

We have developed a two-dimensional model for the numerical evolution of quantised vortices moving under
the influence of applied normal fluid and superfluid in a counterflow channel [1]. We predict superfluid
and vortex-line density profiles which could be experimentally tested using recently developed visualization
techniques [2,3]. The numerical simulations are performed employing different spatial distributions of the
nucleation events and varying the vortex-line density. The numerical results obtained are compared to a
laminar solution of the Hall-Vinen-Bekarevich-Khalatnikov two-fluid equations proposed by Geurst for a
channel in comparable nucleation regimes [4].

1. D. R. Ladner and J. T. Tough, Phys. Rev. B, 20, 2690, (1979)

2. G. P. Bewley, D. P. Lathrop and K. R. Sreenivasan, Nature, 441, 588, (2006)
3. T. Zhang and S. W. Van Sciver, Nature Physics, 1, 36 , (2005)

4. J. A. Geurst, Physics Letters A, 71, 78, (1979)
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Strongly interacting charged vortices in superfluid “He at low temperatures

P. M. Walmsley, P. Tompsett, and A. 1. Golov
School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK

We present results of the investigation of the dynamics of strongly interacting quantized vortex lines, nu-
cleated by injected ions and then forced by an applied electric field that exerts force on the ions trapped on
vortex cores. Charged vortex rings at low densities were found to propagate independently. However, when
the density reaches the value n ~ 4 x 107*R~3, where R is the radius of vortex rings, the rings begin to
reconnect leaving behind a slower moving tangle of charged vortex loops. The dynamics of this tangle are
markedly different from that of isolated charged vortex rings. While at moderate densities and applied fields
the trapped ions seem to drift with the tangle, after more intensive pumping in stronger fields the trapped ions
begin to propagate through the tangle much faster than it drifts. Long intensive injections of current through
the tangle result in sufficient momentum transfer to the superfluid so that a quasi-steady flow that fills the
experimental container develops. After the pumping is discontinued, the vortex density of the flow was found
to decay with time as ¢t~/ that is expected for quasi-classical turbulence. However, the value of the inferred
effective kinematic viscosity is about an order of magnitude higher than that obtained from a similar free
decay of turbulence generated by an impulsive spin-down.

Keywords: quantized vortex, quantum turbulence, superfluid turbulence, charged vortex tangle

Dynamics of vortex tangles in superfluid *He at low temperatures

A. 1. Golov, P. M. Walmsley, and P. Tompsett
School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK

We investigated the dynamics of vortex tangles generated by either injected ions in an applied electric field or
a change in the angular velocity of rotation of cubic containers. Injected ions initially propagate as charged
vortex rings of growing radius R, but when their density reaches the value ~ 4 x 10"*R~3 most rings
reconnect leaving behind a slower moving tangle of charged vortex loops. Thanks to the randomizing action
of frequent reconnections of these loops, the dynamics of this tangle are markedly different from that of
isolated charged vortex rings. While at moderate densities and applied fields the trapped ions seem to drift
with the tangle, after more intensive pumping in stronger fields the trapped ions begin to propagate through
the tangle much faster than it drifts. Long intensive injections of current through the tangle result in sufficient
momentum transfer to the superfluid so that a quasy-steady flow in all experimental container developes. After
the pumping is discontinued, the vortex density of the flow decays with time as t~3/2, that is expected for
quasi-classical turbulence. However, the value of the inferred effective kinematic viscosity is about an order
of magnitude higher than that obtained from a similar free decay of turbulence generated by an impulsive
spin-down. If time permits, various experiments on the dynamics of turbulence at steady rotation will also be
described. In these, with changing the amplitude of pumping, a crossover between a weakly perturbed array
of rectilinear vortex lines (highly polarized nearly 2-dimensional quantum turbulence) to nearly isotropic
3-dimensional turbulence is observed.

Keywords: quantized vortex, quantum turbulence, superfluid turbulence, charged vortex tangle
INVITED PAPER
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Numerical studies of superfluid spin down from rotation
R. Hinninen and N. Hietala

Low Temperature Laboratory, Aalto University, Finland

At constant rotation velocity vortices form a regular array where the superfluid component is in solid body
motion with the container. After a sudden stop of rotation the equilibrium state is one with no vortices where
the superfluid component is at rest. We study, especially at low temperatures where the vortex motion is
typically turbulent, how this vortex-free state is reached by using the vortex filament model and numerical
simulations. In cylindrically symmetric geometries (with respect to the initial rotation axis) the motion of
vortices is dominated by radial laminar motion, where the polarization of the vortex tangle remains high and
vortex length decays as L oc t~1. This is supported by the Helsinki measurements® in a cylindrical cell where
the decay time, 7 = 1/2Qqq, is simply determined by the initial rotation velocity {2 and the mutual friction
parameter «v. Annihilation proceeds on the cylindrical wall and is accompanied by a thin turbulent layer
with a thickness of order intervortex distance. When cylindrical symmetry is broken, i.e. in a box geometry,
or by tilting the cylinder with respect to the rotation axis, the decay of vorticity becomes faster, indicating
a turbulent decay, L o t~3/2. We analyze the homogeneity and isotropy of the vortex tangle during the
turbulent decay and compare the simulation data with the Manchester experiments?. Our simulations also
indicate that the presence of the AB phase boundary causes the motion of vortices to become turbulent, in
accordance with the Helsinki experiments. In general, the lower the temperature, the smaller a perturbation
is needed for turning laminar vortex flow turbulent, but the central question whether laminar spin down in the
bulk volume can be stable in the limit 7" — 0 is still unanswered.

1. V.B. Eltsov et al., arXiv:1005.0546. 2. PM. Walmsley et al. Phys. Rev. Lett. 99, 265302 (2007).

Keywords: superfluid helium, vortex, spin down, rotation

Search for a link between pair-breaking and turbulence in superfluid *He-B

D.I. Bradley, S.N. Fisher, A. Ganshyn, A.M. Guénault, R.P. Haley, M.J. Jackson, G.R. Pickett, R.
Schanen, and V. Tsepelin
Department of Physics, Lancaster University, Lancaster LA1 4YB, United Kingdom

We study the force velocity response of a 4.5um wire in superfluid *He-B at low temperatures. At low
velocities, superfluid flow around the vibrating wires is laminar exhibiting pure potential flow and the cor-
responding dependence of the velocity on force is linear. The linear damping term arises from the intrinsic
losses in the vibrating wire and the exchange of momentum with ambient quasiparticles. When the velocity
of the cylindrical wire reaches one third of the Landau velocity, pair-breaking starts to occur and becomes the
dominating damping term. However, detailed investigation of the linear regime shows that, even below the
pair-breaking limit, the damping force acting on a wire increases with a series of plateaus and discontinuities.
These features are reproducible and are independent of temperature and magnetic field strength. On closer
inspection, the plateaus appear to contain oscillations. It has been previously suggested that these oscillatory
events are due to vortex-loop creation at protuberances on the wire.! From the amplitude of these oscillations,
the size of emitted vortex loops can be estimated. We are able to alter the onset of the plateaus as well as
the size of the oscillations by immersing the wire in vorticity produced by a neighbouring wire. Our data
indicates that extra damping is observed once the plateau has been crossed, whether oscillations are present
or not and hints to pair-breaking; suggesting a possible link with vortex production.

1. D.I. Bradley, Phys Rev Lett. 84, 1252 (2000)
Keywords: Quantum Turbulence, Vortex Rings, Superfluid 3He-B
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Numerical study of the inhomogeneous vortex tangle at zero temperature

Luiza P. Kondaurova and Sergey K. Nemirovskii

Institute of Thermophysics, Novosibirsk, Russia

We present the results of direct numerical simulations of the evolution of the nonuniform vortex tangle,
originally concentrated in the restricted domain, at zero temperature. The numerical simulation is performed
with the use of both full Biot-Savart law and localized induction approximation. An algorithm, which is based
on consideration of crossing lines, is used for vortex reconnection processes. The calculations are carried out
both in an infinite volume and in a cubic box with solid walls. We properly studied the change of the total
vortex length in the initial domain. In particular we were carefully monitoring all mechanisms leading to
the loss of the length, such as the change of length owing to reconnection processes, the eliminations of
very small loos below the space resolution, the change of length due insertion and removing of points to
supply numerical algorithm stability, etc. We found that the main mechanism of decrease of the vortex length
inside the initial volume is related to the escaping of vortex loops, with is realized probably in the diffusion
like manner, and the other mechanisms listed above do not affect appreciably on the spreading of the vortex
tangle. We compared results of our numerical simulations with the theory of diffusion of the vortex tangle,
elaborated early by one of the authors. We obtained, that the evolution of the length in the initial domain
is satisfactory described by the diffusion equation: OL/0t = DV?L, with the diffusion constant D equal to
2.2 k where & is the quantum of circulation. The good agreement with the experimental data and numerical
simulation enables us to conclude that the diffusion process plays a dominant role in the free decay of the
vortex tangle in the absence of the normal component. This work was supported by the RFBR (grants Nos
10-08-00369 and 10-02-00514).

Keywords: numerical simulation, superfluid helium, vortex tangle decay

Geometric symmetries in superfluid vortex dynamics
E.V. Kozik® and B.V. Svistunov®

“Institute for Theoretical Physics, ETH Zurich, CH-8093 Zurich, Switzerland
bDepartment of Physics, University of Massachusetts, Amherst, MA 01003 USA

The zero-point dynamics of a quantized vortex line in a superfluid feature symmetries associated with the
geometric character of the complex-valued field, w(z) = x(z)+iy(z), describing the instant shape of the line.
Along with a natural set of Noether’s constants of motion that—apart from their rather specific expressions in
terms of w(z)—are nothing but components of the total linear and angular momenta of the fluid, the geometric
symmetry brings about crucial consequences for kinetics of distortion waves on the vortex lines—the Kelvin
waves. In combination with analysis of dimensions, the symmetry implies the locality of the Kelvin-wave
cascade, and provides parametric estimates for non-local sub-leading contributions. Similar considerations
apply to other systems with purely geometric degrees of freedom.

Keywords: quantized vortex dynamics, Kelvin wave cascade
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Laminar vortex motion in rotating superfluid *He-B at 0.2 7,

R. de Graaf, V.B. Eltsov, P.J. Heikkinen, J.J. Hosio, R. Hanninen, and M. Krusius
Low Temperature Laboratory, Aalto University, Finland

One of the central interests in superfluid helium studies at present is dissipation in vortex motion on approach-
ing the zero temperature limit, 7' — 0, particularly the mechanism of the excess dissipation beyond mutual
friction in Fermi systems. The dynamic properties of vortices in *He-B have been studied to below 0.2 T, by
recording the decay time of vortex tangles [1], by measuring the propagation velocity of the precessing vortex
front while it moves along a long rotating cylinder [2], and by monitoring vortex motions in rotating flow
during the spin up or spin down of the superfluid component [3]. A large temperature independent excess
dissipation is observed in the presence of turbulent vortex flow [1,2]. However, also laminar vortex flow in the
bulk volume has been found possible to below 0.2 T;,, with no measurable dissipation losses beyond mutual
friction [3].

Here we examine examples of laminar flow. Transient vortex states in rotation are distinguished by high
polarization of order ~ 90 % along the rotation axis, causing laminar vortex flow in the bulk to be quite robust
with respect to perturbations from axially symmetric rotating flow. The disorder from vortex formation and
annihilation is limited to a narrow turbulent boundary layer coating the cylindrical container surface. This
boundary layer is seen in vortex filament calculations, where it increases in width with decreasing temperature
to about one inter-vortex distance at 0.2 T,. It contains the reconnections of the vortices within the outermost
ring with the cylinder surface and with neighboring vortices.

1. D.I. Bradley et al., Phys. Rev. Lett. 96, 035301 (2006). — 2. V.B. Eltsov et al., Phys. Rev. Lett.
99,265301 (2007). — 3. V.B. Eltsov et al., preprint arXiv:1005.0546.

Keywords: superfluid *He-B, rotating flow, vortices, turbulence, laminar vortex flow, mutual friction

Energy spectra of homogeneous isotropic turbulence in superfluids
V.S. L'vov
Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76100, Israel

I will present Minimal Model of Quantum Turbulence (MinMod) aimed to describe as simple as possible
homogeneous, isotropic turbulence of superfluids in zero temperature limit with energy pumping at scales £
much above the intervortex distance ¢. In classical hydrodynamic (HD) interval of scales, L > r > [,
MinMod reproduces Kolmogorov-41 spectrum E(k) ~ £2/3k=>/3 (in k-space) with constant energy flux &,
and, for ¢ = 0, a thermodynamic equilibrium with HD energy equipartition E(k) oc k2.

In quantum Kelvin wave (KW) region, { > r > a (a — vortex core radius) MinMod is based on the ex-
plicit calculations of full 6-KW interaction coefficients * and L'vov-Nazarenko ? KW-spectrum E(k) ~
Ae'/3ke=43k=5/3 (A = Inl/a, k-circulation quantum). This spectrum results from step-by-step energy
cascade caused by 4-KW interactions in a system of quantized vortex filaments with random large-scale cur-
vature. MinMod reproduces also thermodynamic equilibrium in the KW system with the energy equipartition,
E(k) =const. At crossover scales k¢ ~ 1 MinMod considers superfluid turbulence as a mixture of HD and
KW motions ? with fractions that depend on k.

Resulting energy spectrum for A > 1 consists of: 1) Kolmogorov-41 part, F(k) oc k=%/3 for k¢ < 1;

2) the energy accumulation with HD equilibrium, E(k) o k? at k¢<1; 3) followed by the KW equilibrium,
E(k) ~const. at k/Z1; 4) and by the L’vov-Nazarenko KW spectrum E(k) o< k=5/3 for k¢ > 1.

1. J. Laurie, V. S. L’vov, S. Nazarenko, O. Rudenko, PRB 81, 104526 (2010).
2. V. S. L’vov, S. Nazarenko, JETP Letters, 91, 464-470 (2010).
3. V. S. L’vov, S. Nazarenko, O. Rudenko, PRB 76, 024520 (2007) and JoLTP 153, 140-161 (2008).

Keywords: Hydrodynamic turbulence, bottleneck energy accumulation, Kelvin-wave turbulence.
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Time-of-flight measurements of vortex rings in superfluid “He at high temperatures

Y. Nago, T. Ogawa, K. Obara, H. Yano, O. Ishikawa, and T. Hata
Graduate School of Science, Osaka City University, Japan

We report the time-of-flight measurements of quantized vortex rings generated by a vibrating wire in super-
fluid *He at high temperatures where normal fluid component exists. It is considered that quantum turbulence
consists of a tangle of quantized vortices and nucleates vortex rings, which propagate in superfluid and can
attach to boundaries. In previous works at 30 mK,'»? the transition to turbulence triggered by free vortex
rings and then propagation of trigger vortex rings were studied using two vibrating wires: a generator wire
and a detector wire of vortices. At high temperatures, motions of vortices are expected to be greatly different
from those at 30 mK because of the normal fluid component: mutual friction with the normal fluid compo-
nent disturbs propagating vortex rings. In this work, we measured the time-of-flights of vortices propagating
in a distance of 0.88 mm above 1.25K, corresponding to normal fluid fraction of helium of more than 4%,
using a generator wire and a detector wire. We find that the time-of-flights distribute from 0.06 s to 27.4 s,
much larger than the time-of-flight of vortex rings at 30 mK,? which is order of 10 ms. Circular vortex rings
limited in the size of a generator amplitude will be dissipated due to mutual friction with the normal fluid
component. Therefore the present results imply that non-circular vortex rings or vortex tangles are generated
by the generator, propagating slowly and colliding to the detector before complete dissipation.

1. Goto, R., Fujiyama, S., Yano, H., Nago, Y., Tsubota, M., et al., Phys. Rev. Lett. 100, 045301 (2008).
2. Yano, H., Nago, Y., Goto, R., et al., J. Phys.:Conf.Series 150, 032125 (2009).

Keywords: superfluid “He, quantized vortex, turbulence transition, oscillating structures

Motions of vortex lines attached to oscillating objects in turbulent state of superfluid
‘He

Y. Nago, S. Mio, N. Chiba, K. Obara, H. Yano, O. Ishikawa, and T. Hata

Graduate School of Science, Osaka City University, Japan

Oscillating objects can generate turbulence in superfluids even at very low temperature. In many cases,
vortex lines are attached initially to oscillating objects, resulting in causing turbulence. Recently, we have
successfully obtained a vibrating wire effectively free of vortices,! enabling the study of vortex dynamics
in turbulence without concerning initially attached vortices. The vortex-free vibrating wire can generate
turbulence only when vortex rings are applied from a vortex ring source to the wire.? In a previous study,? we
reported that the lifetimes of a turbulent state distribute exponentially at a low driving force and that the mean
lifetime decreases exponentially with decreasing driving force but decreases considerably below a critical
driving force.

The present concern is the critical behaviors of vortex dynamics near the turbulent-to-laminar transition. We
find that the critical velocity of a turbulent state is proportional to the square root of vibrating frequency.
We estimate a velocity at which an oscillating object can extend half-circular vortex loops and find that it is
proportional to the square root of frequency, which is consistent with the experimental results observed here.
We also find that the resonance frequency of the vibrating wire increases in a turbulent state, implying that
vortex loops large enough to vibrate at the same frequency affect the motion of the wire.

1. Hashimoto, N., Goto, R., Yano, H., et al., Phys. Rev. B 76, 020504(R) (2007).
2. Goto, R., Fujiyama, S., Yano, H., Nago, Y., Tsubota, M., et al., Phys. Rev. Lett. 100, 045301 (2008).
3. Yano, H., Nago, Y., et al., Phys. Rev. B 81, (2010) in press.

Keywords: superfluid “He, turbulence transition, oscillating structures
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Dynamics of inhomogeneous vortex tangles in quantum systems
Sergey K. Nemirovskii

Institute of Thermophysics, Novosibirsk, Russia

We present a series of analytical and numerical studies of chaotic dynamics of vortices in quantum systems in
inhomogeneous conditions. Vortex loops composing the vortex tangle can move as a whole with some drift
velocity depending on their structure and length. The flux of length, energy, momentum etc., executed by
the moving vortex loops takes place. Supposing that vortex loops have a Brownian structure we calculated
the (size dependent) drift velocity and free path of the loops. Based on this calculation we obtained that
the evolution of the vortex line density obeys a diffusion type equation with the diffusion constant equal to
2k (where k is the quantum of circulation). The mathematical details are exposed in previous works by the
author [1]. As an application we used the diffusion equation to describe the decay of the vortex tangle at very
low temperatures. We compared the solution with recent experiments on the decay of superfluid turbulence.
The good agreement with the experimental data and numerical simulation enables us to conclude that the
diffusion process plays a dominant role in the free decay of the vortex tangle in the absence of the normal
component. Another application considered in presentation is the problem of motion of turbulent front. The
key supposition is that the motion of front is executed in the diffusion like manner with the strong source of
vortex line density behind the vortex front. This work was supported by grants 10-08-00369 and 10-02-00514
from the RFBR.

1. S. K. Nemirovskii and W. Fiszdon, Rev. Mod. Phys., 67, 37 (1995); Sergey K. Nemirovskii, Phys. Rev.
Lett., 96, 015301 (2006); Sergey K. Nemirovskii, Phys. Rev. B 77, 214509 (2008); Sergey K. Nemirovskii,
Phys. Rev. B 81, 064512 (2010).

Keywords: inhomogeneous vortex tangle, vortex loops diffusion, decay of superfluid turbulence

Thermal detection of quantum turbulent decay in superfluid *He-B at
ultralow temperatures

D.A. Potts, D.I. Bradley, S.N. Fisher, A.M. Guénault, R.P. Haley, G.R. Pickett, R. Schanen, and V.
Tsepelin
Physics Department, Lancaster University, Lancaster, LA1 4YB, UK

Previous experiments undertaken at Lancaster have measured the decay of quantum turbulence in superfluid
3He-B generated by a vibrating wire grid at ultralow temperatures.! The decay was found to be consistent
with a classical Kolmogorov-type energy cascade. At these low temperatures, the normal fluid component
is essentially negligible and decoupled from the superfluid component. The decay of quantum turbulence
cannot therefore be explained in terms of a classical decay mechanism of mutual friction due to the normal
fluid viscosity.

To further our investigations into the decay of quantum turbulence, an experimental cell has been constructed
consisting of a superfluid >He-B quasiparticle "’black body” radiator housing two vibrating grids as well as a
selection of thermometry wires which allow temperatures to be measured both inside and outside the radiator.
This is mounted on a Lancaster style nuclear refrigerator capable of cooling 3He to ~ 110 uK. We present
a set of preliminary data derived from attempts to thermally detect the energy produced by the decay of
quantum turbulence. We hope that this will further our insight into the microscopic mechanism responsible
for the dissipation of quantum turbulence.

1. S.N. Fisher et al, Decay of Pure Quantum Turbulence in Superfluid 3He-B, Phys. Rev. Lett. 96, 035301
(2006)

Keywords: 3He-B, black body radiator, quantum turbulent decay, vibrating wire grid
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Quantum turbulence within the Gross-Pitaevskii model
D. Proment?, S. Nazarenko?, and M. Onorato®

“Dipartimento di Fisica Generale, Universita degli Studi di Torino, Torino, Italia
bMathematics Institute, University of Warwick, Coventry, UK

We will discuss some results in the field of quantum turbulence with special attention to turbulent cascades.
In particular we will focus on the dynamics of Bose-Einstein condensates which are modeled via the Gross-
Pitaevskii equation in the forced and dissipated case. The nonlinearity of such equation is responsible for the
energy and particles transfers in Fourier space: in certain conditions constant fluxes - similar to Richardson’s
cascades in classical Navier-Stokes turbulence - can develop.

After giving a sketch on mathematical theories able to predict such turbulent states, we will present recent
numerical results on different regimes observed in the three-dimensional case. Depending on the way the
large scales are dissipated, we observed either power-law spectra that are consistent with the weak turbulence
theory prediction or steeper one which can be explained in terms of the critical balance argument.

1. Proment, D., Nazarenko, S., and Onorato, M. (2009). “Quantum turbulence cascades in the Gross-
Pitaevskii model”. Physical Review A 80, 051603(R).

Keywords: Bose-Eistein condensation, wave turbulence, Kolmogorov-Zakharov spectra, nonlinear
phenomena

Superfluid high Reynolds number von Karman experiment

B. Rousset?, C. Baudet®, B. Castaing®, L. Chevillard®, F. Daviaud?, P. Diribarne?, B. Dubrulle?, D.
Duri®®, Y. Gagne®, A. Girard®, B. Hébral®, E. Herbert?, T. Lehner/, P.-E. Roche®, J. Salort®, and S.
Villerot®

“INAC/SBT, UMR E 9004 CEA/UIJF 17, rue des Martyrs38054 Grenoble Cedex 9, France

YLEGI, CNRS/UJF/INPG, F-38041 Grenoble cedex 9, France

“Ecole Normale Supérieure de Lyon - 46 allée d’Italie, F-69364 Lyon cedex 7, France
4DSM/IRAMIS/SPEC, CEA Saclay and CNRS (URA 2464), F-91191 Gif sur Yvette cedex, France
¢Institut Néel, CNRS/UJF, BP 166, F-38042 Grenoble cedex 9, France

fLUTH UMR 8102 Observatoire de Paris-Meudon, F-92195 Meudon Cedex, France

This facility will exploit the capacities of a high cooling power refrigerator (400 W @ 1.8 K) for implementing
a large dimension von Karman flow (inner diameter 80 cm), working as well with He-I or gaseous helium, as
with He-II down to 1.65 K. A Von Karman flow is produced between two parallel contrarotating or co-rotating
impellers. Depending on the location inside the flow, it presents either a reasonable example of homogeneous
isotropic turbulence, or the interesting case of strong anisotropy. Realisation of a large scale experiment
permits to address either the high Reynolds numbers limit (Re ~ 107 — 10®) or resolve the dissipative
scales of superfluid turbulence at lower Re. Concerning the facility itself, challenges concern heat extraction,
mechanism associated with the turbines operating in subcooled superfluid helium and safety issues. Design
of the experiments, choice of solutions related to the keypoints mentioned above and photos of components
are presented.

Acknowledgments: ANR SHREK (grant ANR-09-BLAN-0094)

Keywords: Cryogenic helium, Superfluid, Von Karman flow, Quantum turbulence, Large scale fa-
cility
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Velocity spectra in turbulent He 11

J. Salort®, C. Baudet®, B. Castaing®, B. Chabaud?, F. Daviaud?, T. Didelot®, P. Diribarne®%%¢, B,
Dubrulle?, Y. Gagne®, F. Gauthier?, A. Girard®, B. Hébral®, B. Rousset®, P. Thibault®¢, and P.-E.
Roche?

“Institut Néel, CNRS/UJF - 25 rue des Martyrs, BP 166, F-38042 Grenoble cedex 9

YLEGI, CNRS/UJF/INPG, F-38041 Grenoble cedex 9

“Ecole Normale Supérieure de Lyon - 46 allée d’Italie, F-69364 Lyon cedex 7
YDSM/IRAMIS/SPEC, CEA Saclay and CNRS (URA 2464), F-91191 Gif sur Yvette cedex
°CEA-Grenoble/UJF, SBT, 17 rue des Martyrs, BP166, F-38054 Grenoble cedex 9

Velocity fluctuation measurements in a superfluid turbulent flow were reported more than a decade ago [EPL
43 p29, 1998]: the power spectrum scaling, compatible with a f~5/3 scaling was the first experimental
evidence that superfluid can undergo a Kolmogorov-like turbulent cascade.

We present the first experimental confirmation of this result and extend it to different flow geometries using
stagnation pressure anemometers both in He I and He II within three cryogenic liquid *He steady flows: grid
and wake flows in a pressurized wind tunnel capable of achieving mean velocities up to 5 m/s at temperatures
above and below the superfluid transition, down to 1.7 K, and a “chunk” turbulence flow at 1.55 K, able to
sustain mean superfluid velocities up to 1.3 m/s.

Depending on the flows, our velocity probes are resolving from one to two decades of the inertial regime of
the turbulent cascade, which allows quantitative measurement of some flow properties, such as the integral
length scale and the turbulence intensity, which have been found to match their classical values.

Acknowledgments: ANR (grant ANR-05-BLAN-0316, “TSF”) and Région Rhone-Alpes

Keywords: Superfluid, Cryogenic helium, Quantum turbulence, Velocity spectrum

Saturation of counterflow turbulence in He II
M. Sciacca®®, Y.A. Sergeev®, C. F. Barenghi®, and L. Skrbek”

“Dipartimento di Metodi e Modelli Matematici, Universita di Palermo, Viale delle Scienze, 90128 Palermo,
Italy

bSchool of Mathematics and Statistics, Newcastle University, Newcastle upon Tyne, NE1 7RU, United King-
dom

“School of Mechanical and Systems Engineering, Newcastle University, Newcastle upon Tyne, NE1 7RU,
United Kingdom

One of the most important problems of classical fluid dynamics is the decay of homogeneous isotropic tur-
bulence. We are interested in this problem in the context of helium II. Here the turbulence can be easily
generated by a heat flux which induces a relative velocity (counterflow) between the normal fluid and the
superfluid, hence, if the heat flux exceeds a critical value, the formation of a tangle of quantised vortex lines
of density L. When the heat flux is stopped the tangle decays, but there are puzzling features. Direct appli-
cation of Vinen’s equation yields the scaling L ~ t~! where ¢ is time. Schwarz and Rozen [1] observed a
faster decay followed by a slower decay. Skrbek et al. [2] found an initial transient followed by the same
classical t—3/2 scaling observed in grid-generated turbulence [3]. We present a model which accounts for
these apparently contradictory results.

1. K.W. Schwarz and J.R. Rozen, Phys. Rev. Lett. 66, 1898 (1991), and Phys. Rev. B 44, 7563 (1991).
2. L. Skrbek, A.V. Gordeev, and F. Soukup, Phys. Rev. E 67, 047302 (2003).
3. M.R. Smith, R.J. Donnelly, N. Goldenfeld, and W. F. Vinen, Phys. Rev. Lett. 71, 2583 (1993).

Keywords: vortices, turbulence, decay, counterflow, helium II
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Interactions of thermal quasiparticles with turbulent structures in *He-B

Y. A. Sergeev?, C. F. Barenghi®, and N. Suramlishvili®

%School of Mechanical and Systems Engineering, Newcastle University, Newcastle upon Tyne, NE1 7RU,
United Kingdom

®School of Mathematics and Statistics, Newcastle University, Newcastle upon Tyne, NE1 7RU, United King-
dom

¢Andronikashvili Institute of Physics, Thbilisi, 0177, Georgia

We discuss theoretical and numerical aspects of Andreev scattering technique [1] which is used to detect
vortex filaments in turbulent 3He-B. Earlier, using a 2D vortex point model, we found [2] that the Andreev
shadow caused by systems of vortices is not necessarily the sum of shadows of individual vortices. We discuss
implications of such a “partial screening’ for interpretation of experiments. We also develop our 2D model to
compute the average Andreev reflection coefficient of a flux of thermal quasiparticles incident upon a random
system of vortex points modelling a 3D vortex tangle, and a system of vortex-antivortex pairs modelling a 3D
gas of vortex rings. Of particular interest is the change of the reflection coefficient with the transition between
these two configurations of point vortices. Our study is motivated by observation [3] of the transition from a
gas of vortex rings to a dense tangle. We argue that such a transition should be associated with the several-fold
increase of the average reflection coefficient.

1. S. N. Fisher, A. J. Hale, A. M. Guénault, and G. R. Pickett, Phys. Rev. Lett. 86, 244 (2001).

2. C. F. Barenghi, Y. A. Sergeev, and N. Suramlishvili, Phys. Rev. B 95, 024508 (2009).

3. D. L. Bradley, D. O. Clubb, S. N. Fisher, A. M. Guénault, R. P. Haley, C. J. Matthews, G. R. Pickett,
V. Tsepelin, and K. Zaki, Phys. Rev. Lett. 95, 035302 (2005).

Keywords: vortices, turbulence, thermal quasiparticle excitations, *He-B

Quantum turbulence produced by vibrating grids in superfluid *He-B
V. Tsepelin, D.I. Bradley, A.M. Guénault, S.N. Fisher, R.P. Haley, M.J. Jackson, and G.R. Pickett
Physics Department, Lancaster University, Lancaster, LA1 4YB, United Kingdom

Quantum turbulence consists of a tangle of quantized vortex lines which interact via their self induced flow.
At very low temperatures there is no normal fluid component and no associated viscosity, and the effect of
the mutual friction on evolution of turbulence is negligible. In 3He-B at low temperatures we have developed
noninvasive but sensitive methods to study turbulent tangles using existing ambient excitations.

We have investigated quantum turbulence generated by two different vibrating grids and find that quantum
turbulence produced is qualitatively similar in both cases. At low velocities vibrating grids produce many
ballistic vortex rings that propagate independently. Our detection techniques suggest that properties of the
ballistic rings generated are determined by frequencies of grid oscillations rather than a grid mesh size. A
formation of the vortex tangle from ballistic vortex rings at grid’s critical velocity is clearly observed by a
cross-correlation technique utilizing several turbulence detectors. Improved measurements on steady-state
production of vorticity permit us to compare and analyze energy spectra for various types of vorticity gener-
ated by grid. Results of steady-state measurements are consistent with studies of decay and onset of turbu-
lence.

Keywords: quantum turbulence, superfluid helium, vortex rings, vortex tangle
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Studies of turbulence generated by vibrating wire in He-I and He-11

V. Tsepelin, D.I. Bradley, A.M. Guénault, S.N. Fisher, R.P. Haley, M.J. Jackson, D. Nye, K. O’Shea,
and G.R. Pickett

Physics Department, Lancaster University, Lancaster, LA1 4YB, United Kingdom

For many decades quantum turbulence has been subject of investigations in superfluid *He at high tempera-
tures. Strength of helium-4 for turbulent studies is that by changing temperature less than three times from
4.2K down to 1.5K it is possible to contrast classical and quantum turbulence. Recently various vibrating
objects: spheres, grids, wires and forks became popular tools to generate and probe turbulence in helium.
We have initiated studies of superfluid turbulence in “He using two 13.5 micron diameter vibrating wire
resonators placed in the box with small orifice.

We have studied force-velocity characteristics of the wires in normal and superfluid helium in velocity range
up to several meters. We can clearly identify transitions from laminar to turbulent behavior by increased
damping experienced by the wire in normal fluid as well as observation of hysteresis in superfluid. Unex-
pectedly, our results in superfluid helium show that in certain conditions transition to turbulence in superfluid
component does not result in full coupling of normal and superfluid fractions as usually anticipated in that
velocity and temperature range. The observed damping of the wire is much smaller than observed in normal
turbulence or a superfluid turbulence when normal and superfluid components are interlocked. Critical veloc-
ities for several cooldowns are contrasted by plotting drag coefficients for the wires against wire velocities.
Several scenarios are considered to explain observed results.

Keywords: quantum turbulence, superfluid helium 4, vibrating wires, normal turbulence

Simulation of counterflow turbulence by vortex filaments Statistics of vortex reconnec-
tions

M. Tsubota and H. Adachi
Department of Physics, Osaka City University, Sumiyoshi-Ku, Osaka 558-8585

By using the vortex filament model with the full Biot-Savart law, we have succeeded for the first time in
generating the statistically steady state of counterflow turbulence in superfluid *He under periodic boundary
conditions [1]. This state exhibits the characteristic relation L = y2v2_ between the line-length density L
and the counterflow relative velocity v, s and there is quantitative agreement between the coefficient v and
some measured values. Since we obtained the realistic state of quantum turbulence, we will use the numerical
data to study the statistical property of turbulence as the next step. We focus on the statistical property of
reconnection dynamics from about 350 reconnection events in our steady counterflow turbulence simulation,
and characterize the dynamics by the minimum separation distance §(¢) between the two reconnecting vor-
tices. For a statistical understanding, the separation distance J(¢) is fitted by a correction-factor expression
5(t) = A(k|t — to|)/?(1 + c|t — to|), which was performed in the visualization experiments using the solid
hydrogen tracer particles by Paoletti et al.[2] The statistics of our data shows that the separation distance
typically follows an asymptotic relation § = A(k|t — to|)'/2, which indicates that the quantized circulation
is the dominant controlling feature.

[1] H. Adachi, S. Fujiyama, and M. Tsubota, Phys. Rev. B 81, 104511 (2010).
[2] M.S. Paoletti, M.E. Fisher, and D.P. Lathrop, Phys. Rev. Lett. 101, 154501 (2008).

Keywords: superfluid *He, quantized vortices, counterflow
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Vortex dynamics in a two-phase sample of superfluid *He

V.B. Eltsov?, R. de Graaf®, P.J. Heikkinen?, J.J. Hosio?, R. Hinninen®, M. Krusius®, and P.M. Walmsleyb

“Low Temperature Laboratory, Aalto University, Finland
®School of Physics and Astronomy, The University of Manchester, UK

At 0.2 T, mutual friction dissipation is two orders of magnitude larger in 3He-A phase than in 3He-B. The
slower vortex dynamics in 3He-B leads to new phenomena when the vortices are partly in the A and partly in
the B phase. The static vortex configurations have been studied previously in a long rotating cylinder which
is divided with a magnetic-field-stabilized A-phase barrier layer in two long B-phase sections [1]. Here NMR
measurement is used to monitor the spin-up and spin-down vortex flow responses in the B-phase to rapid
changes in rotation. Spin up is started from zero rotation, while spin down is started from the equilibrium
vortex state where the vortices in the two B-phase sections are interconnected across the A-phase barrier
layer. Compared to measurements in the absence of the A-phase barrier layer [2], spin up is unusually
slow, owing to almost complete absence of remanent vortices, while spin down is found to be much faster,
indicating turbulent response. In agreement with vortex filament calculations, two novel phenomena emerge
from spin down measurements: (i) Because of rapid radial motion the vortices in the A phase are pulled to
the cylinder wall and a vortex-free hollow is created in the B phase at the AB interface. (ii) Differences in
azimuthal motion between the two phases cause the vortices around the hollow dome to become helically
twisted around the cylinder axis. The inhomogeneous twist introduces reconnections and turbulence among
the vortices, which is observed as rapid spin down.

1. R. Blaauwgeers et al., Phys. Rev. Lett. 89, 155301 (2002).
2. V.B. Eltsov et al., preprint arXiv:1005.0546.

Keywords: superfluid He, rotating flow, vortices, AB interface, turbulence, mutual friction

Dynamics of polarized quantum turbulence in rotating superfluid ‘He
P. M. Walmsley and A. 1. Golov
School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK

Turbulence in superfluid *He at low temperatures was studied in a cube-shaped container that was rotating
continuously. This allows the dynamics of polarized tangles of quantized vortex lines to be probed. In one
experiment, an AC component of rotation of variable frequency and amplitude was superimposed on the DC
angular velocity of rotation. The extent of the disturbance was monitored through motion of negative ions
travelling along vortex lines in the axial direction and also by measurements of the vortex line density deduced
from the attenuation of a pulse of charged vortex rings travelling in the transverse direction. Frequency-
dependent resonances were observed along with the amplitude-dependent crossover from a weakly perturbed
array of rectilinear vortex lines (highly polarized quantum turbulence) to nearly isotropic 3d turbulence. In
another experiment, the vortex array was perturbed by injecting a charged vortex tangle across it. The density
and polarisation of the resulting turbulent state was characterized by the amplitude and time of flight of a
subsequent probe pulse of negative ions.

Keywords: quantized vortex, quantum turbulence, superfluid turbulence,polarized vortex tangle, ro-
tating turbulence
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Transition to quantum turbulence and the propagation of vortex loops at finite tem-
perature

S. Yamamoto, H. Adachi, and M. Tsubota

Department of Physics, Osaka City University, Osaka, Japan

We performed numerical simulation of the transition to quantum turbulence and the propagation of vortex
loops at finite temperatures in order to understand the experiments using vibrating wires in superfluid *He by
Yano et al. We injected vortex rings to a finite volume in order to simulate emission of vortices from the wire.
When the injected vortices are dilute, they should decay by mutual friction. When they are dense, however,
vortex tangles are generated through vortex reconnections and emit large vortex loops. The large vortex loops
can travel a long distance before disappearing, which is much different from the dilute case. The numerical
results are consistent with the experimental results.

Keywords: Quantized vortex, SUperfluid *He
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Excitation spectra of two-dimensional hard-core bosons in the superfluid phase

T. N. Antsygina, I. I. Poltavsky, M. I. Poltavskaya, and K. A. Chishko
B. Verkin Institute for Low Temperature Physics and Engineering, Kharkov, Ukraine

The spectra of elementary excitations of the hard-core bosons on square and triangular lattices in the super-
fluid phase are investigated using the second order spin-wave theory. The nearest-neighbor repulsion and
next-nearest-neighbor interaction (repulsive or attractive) are taken into account. The behavior of the spectra
along different directions in the Brillouin zone at fixed particle density is analyzed in detail at various ratios
between the parameters of the system. Special attention is devoted to the investigation of the spectrum pe-
culiarities, in particular the roton minima. In the case of the triangular lattice with the next-nearest-neighbor
repulsion, next to the known minima on the zone boundary, a true roton minimum inside the Brillouin zone
is found. Expressions for the spin-wave velocity are obtained in an explicit form for both types of lattices.
Our analytical results, found with account for the second order corrections to the spin-wave spectrum, are in
very good agreement with the corresponding data known from literature.!-2

1. K. Bernardet, G. G. Batrouni, J.-I. Meunier et al., Phys. Rev. B 65, 104519 (2002).
2. T. Bryant and R. R. P. Singh, Phys. Rev. B 76, 064520 (2007).

Keywords: hard-core bosons, excitation spectra, superfluid, roton minima

Tuning surface roughness to momentum-couple highly confined normal *He
R.G. Bennett?, L.V. Levitin®, A. Casey?, P. Sharma®, J. Saunders®, and J.M. Parpia®

“Department of Physics and LASSP, Cornell University, Ithaca NY, 14853, USA
®Department of Physics, Royal Holloway, University of London, Egham, Surrey TW20 0EX, UK

In a previous experiment! we observed the inertia of liquid *He confined to a 650 nm thick slab (defined
by highly polished silicon and glass surfaces) to decouple below 100 mK. This can be understood in terms
of surface roughness where the characteristic parameters of height [ and autocorrelation length R dictate
the phenomenological scattering rate 7—1. We describe our efforts to roughen the confining surfaces, so
that the liquid remains coupled down to the superfluid transition temperature, but without compromising
the confinement length scale. New experimental arrangements capable of resolving the coupled inertia and
dissipation will also be described. This research was supported by the NSF under DMR-0806629 (Materials

World Network at Cornell) and the EPSRC under EP/E054129/1 and EP/C522877/1 (at Royal Holloway).

1. S.G. Dimov et al “Decoupling of confined normal *He”. J. Low Temp Phys 158 155, 2010.
Keywords: Surface Roughness, Confined 3He

67



6 REDUCED DIMENSIONALITY, QUANTUM FLUIDS AND SOLIDS

Superfluid *He-B spinwaves in cylinder of one millimeter in diameter at low pressures

O. W. B. Benningshof and R. Jochemsen
Department of Physics, University of Leiden, The Netherlands

One can expect spinwaves in the superfluid *He-B if the liquid is restricted by its geometry. The orientation
of the order parameter of the superfluid is determined by the surface field-, bulk field- and bulk bending free
energy, and gradually changes over a typical size equal to the magnetic coherence length. The profile of the
order parameter functions as a potential, which determines how many spinwaves modes can be formed into
the container. Spinwaves in restricted geometry, such as slabs and cylinders, were already found in the 70ths.
In both geometries it was found that the intensities of higher modes reduces. This is in agreement with theory
for slab geometries, but one should be able to find equal intensities for all modes, if one is able to create a
quadratic potential into a cylindrical geometry.

As cooled, the orientation of the order parameter in our cylinder starts to grow into a flare out configuration,
but is expected to undergo a transition at lower temperatures as the magnetic coherence length is then several
times larger then the cylinders diameter. However, such transition is not observed, and the system seems to be
’stuck’ into the flare out configuration. The advance of this meta-stable configuration is that it forms a nearly
quadratic potential. Here the observed spinwave modes have nearly equal intensities. Also the amount of the
spinwaves grow with increasing pressure, which is in agreement by theory as the energy difference per mode
is a function of the dipole coherence length.

Finally, the expected (based on energetic arguments) order parameter configuration (uniform texture) can be
realized if a heat pulse is absorbed into the meta-stable configuration. After the liquid has become normal its
cools rapidly to the uniform texture, which is dominated by the surface field free energy.

Keywords: Superfluid 3He, Spinwaves, Restricted geometry, NMR

Features of magnetoresistance and magnetothermopower in Bi, ,Sb, wires near the
gapless state
P. Bodiul®, A. Nikolaeva®, L. Konopko?, E. Moloshnik?, and 1. Popov®

“Institute of Electronic Engineering and Industrial Technologies, Academy of Science of Moldova, Moldova
*Institute of Electronic Engineering and Industrial Technologies, Academy of Science of Moldova, and Inter-
national Laboratory of High Magnetic Fields and Low Temperatures, Wroclaw, Poland

We have found a significant increase in the magnetoresistance accompanied by an anomalous dependence
of magnetothermopower in single crystals, micro- and nanowires of Bi;_,Sb, obtained by liquid phase
casting.! The effect is interpreted in terms of the occurrence of a “gapless state” in Bi-Sb wires at a certain
concentration of Sb, which was theoretically considered in the work of Abrikosov and Falkowskiy.?

This work was supported by SCOPES 1Z73Z0_ 127968 “Functional Nanowires” and Ukrainian project
10.820.05.08.UF.

1. Gitsu, D., Konopko, L., Nikolaeva, A. and Huber, T (2005). J. Applied Physics Letters, v. 86, p.10210.
2. Abrikosov, A. and Falkovskiy, A. (1962). Sov. Phys. JETP, v. 43, p. 1089.

Keywords: quantum wires, gapless state, giant magnetoresistance
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Hard-core bosons on a square lattice in the random phase approximation
K. A. Chishko, T. N. Antsygina, L. I. Poltavsky, and M. L. Poltavskaya

B. Verkin Institute for Low Temperature Physics and Engineering, Kharkov, Ukraine

Using random phase approximation (RPA) we calculate thermodynamic functions of a square lattice hard-
core boson (HCB) model with nearest (nn) V; and next-nearest (nnn) V5 neighbor interactions in terms of
an equvalent anisotropic spin-1/2 XXZ model in a magnetic field. The system undergoes liquid-solid phase
transitions that can be either of the first or second order. Depending on the hopping value ¢ and the ratio
a = V1 /V, between nn and nnn interactions, the system displays two types of critical behavior. The line of
the first order transitions terminates in a bicritical endpoint inside the solid phase or ends in a tricritical point
continuously giving way to the second order phase transition line. The connection of the hopping term ¢ and
the ratio « with criticality of the system is investigated. We have built the o — 1/A diagram (A = V;/(2t)),
the locus of critical points where bi- and tricritical regimes change into each other. It turned out that over the
interval 1/(1 + o) < A < Ag ~ 1.38 only the tricritical regime is possible. At fixed A > A, two points
a1 (A) and aeo(A) appear in the « — 1/A plane, so that inside and outside the interval aie; < o < o the
system displays the bi- and tricritical behavior, respectively. If A — oo then o,y — 0 and a2 — 0.6 in full
agreement with known mean-field results. For the anisotropic 1/2-spin XXZ model in a magnetic field we
have derived the exact expression connecting the internal energy with the transverse Green function. The heat
capacity C'(T') and magnetic susceptibility x(7") calculated within RPA exhibit A-point kind irregularities at
phase transition temperature. In the paramagnetic phase a temperature run x(7") depends significantly on
whether the magnetic field h is lower or higher than the critical value /. which is a function of both o and A.
The quantity h, is the critical field that determines the phase transition between spin-flop and paramagnetic
states at T = 0.

Keywords: hard-core bosons, phase diagram, random phase approximation, susceptibility, heat ca-
pacity

Novel phases of quantum fluids near solid surfaces

M. Cole
Penn State University

Keywords: Surfaces
INVITED PAPER
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Giant coupling effects in confined ‘He

F. M. Gasparini and J. K. Perron
Department of Physics, University at Buffalo, State University of New York, U.S.A.

Coupling between two superconductors or superfluids can be thought of as resulting from wave function over-
lap. In suitable weak-link geometries this leads to Josephson effects that are well known in superconductors,
and are of more recent vintage in superfluids. We report on measurements of superfluid density and heat ca-
pacity for “He confined between two bonded silicon wafers. These data are informative both about the nature
of the weak links and the regions which they couple. The confinement consists of lithographically-defined
boxes of helium linked through a uniform film or a shallow channel. These data show coupling and collective
effects that can extend to distances of over 100 times the bulk correlation length.! This is clearly beyond
distances expected on the basis of wave function overlap. It seems likely that these large effects are due to
the role that critical fluctuations play in “He, but not in the low temperature superconductors. In the case
of the high T, superconductors, giant proximity effects have also been reported.? It has been suggested that
these are due to the existence of superconducting phase fluctuations in the normal layer of a superconductor-
normal-superconductor junction®.

1. Perron, J.K., Kimball, M.O., Mooney, K.P.,& Gasparini, EM. ”Coupling and proximity effects in the
superfluid transition in *He dots”. Nature Phys. DOI:10.1038/nphys1671 (2010).

2. Bozovic, I., Logvenov, G., Verhoeven, M.A.J., Caputo, P., Goldobin, E., & Beasley, M.R. Giant Proximity
Effect in Cuprate Superconductors”. Phys. Rev. Lett. 95, 157002:1-4 (2004).

3. Marchand, D., Covaci, L., Berciu, M., & Franz, M., ”Giant Proximity Effect in a Phase-Fluctuating
Superconductor”. Phys. Rev. Lett. 101, 097004:1-4 (2008).

Keywords: phase transition, proximity effects, fluctuations, reduced dimensionality
INVITED PAPER

Quantum gases on graphene
M.C. Gordillo® and J. Boronat®

“Departamento de Sistemas Fisicos, Quimicos y Naturales. Facultad de Ciencias Experimentales. Universi-
dad Pablo de Olavide. Carretera de Utrera, km 1. 41013 Sevilla. Spain.

®Departament de Fisica i Enginyeria Nuclear, Universitat Politécnica de Catalunya, B4-B5 Campus Nord.
08034 Barcelona. Catalonia. Spain.

The phase diagrams of the first layer of “He and Hy on top of a single graphene sheet have been calculated by
means of a series of Diffusion Monte Carlo calculations and compared to the same diagrams for graphite. The
results indicate that the main difference is the binding energy of the quantum gases to the absorbent, lower in
the graphene case. In both cases, the ground state of the adsorbate is a /3 x /3 structure, that transforms,
upon pressure, into a triangular solid. No other stable phases were found for “He, but a stripped o phase
appears between the registered and the triangular solids in the case of Hs.

Keywords: phase diagram, graphene
INVITED PAPER
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Fluid helium in a narrow pore at zero temperature

E. S. Herndndez

Universidad de Buenos Aires and Consejo Nacional de Investigaciones Cientificas y Técnicas, Argentina
The zero temperature adsorption isotherm of “*He in a rigid cylindrical pore with alkaline walls is computed
within finite-range density functional theory, with the radius of the tube as a parameter. It is shown that
starting from narrow pores and increasing the radius, the adsorbed helium first becomes bound in a quasi-
onedimensional phase, and finally condenses into a quasi-twodimensional configuration by going through an

almost filling situation. The results are in agreement with recent calculations for carbon nanotubes based on
thermodynamical approaches.

Keywords: helium condensation, varying pore radius, transition

Adsorption of helium in a deformed pore

E. S. Herndndez

Universidad de Buenos Aires and Consejo Nacional de Investigaciones Cientificas y Técnicas, Argentina
The adsorption potential in the interior of an infinite nanopore along the z—axis, with varying radius R(z), is
derived as a function of a deformation parameter. Detailed calculations for a carbon nanotube indicate that
according to the magnitude of the deformation the potential landscape can be substantially modified, giving
rise to regions of weakened confining strength, and even changing the nature of the minima. This modified

field may induce thermodynamic instabilities in the adsorbed fluid. A similar situation takes place for other
materials, and is illustrated for helium in an alkaline pore with variable cross—section.

Keywords: deformed pore,adsorption potential,instabilities
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Path Integral calculation of *He in quasi-one-dimensional channels

H. Kiriyama®, J. Taniguchi®, M. Suzuki®, and T. Takagi®

“Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182-
8585, Japan
®Department of Applied Physics, Fukui University, 9-1 Bunkyo-3 Fukui-city, Japan

We have carried out a series of torsional oscillator measurements for liquid “He confined in a one-dimensional
(1D) channel (FSM16). It was found that the temperature below which a rapid increase of the superfluid
fraction in the 1D channel is observed, is strongly suppressed from the bulk superfluid transition temperature.
For 2.8-nm channel, this temperature 7T, takes place at 0.9 K under low pressure, and is strongly suppressed
by pressurization. Moreover, for 2.2-nm channel the rapid increase was not observed clearly.! To clarify these
properties of He in 1D channel, we have performed a numerical calculation of path integral Monte Carlo.
We calculated the energy of “He confined in cylindrical containers in the range of liquid density. T} get, at
which the energy drops due to particle exchanges, does not depend strongly on diameter down to 1.7-nm,
and then shifts to lower temperature with further narrowing. Below 0.48-nm channel, T;,,s¢¢ disappears. The
diameter dependence of T},,sct is similar to the behavior of T, observed by the torsional oscillator.

1. J. Taniguchi, and M. Suzuki. J. Low Temp. Phys. 150, 347 (2008).
Keywords: superfluidity, quasi one-dimension

Superfluid transition in *He films adsorbed on thin porous golds submicronmeter
thick

S. Kiyota, M. Hieda, T. Matsushita, and N. Wada
Department of Physics, Nagoya University, Nagoya, Japan

The superfluid transition of *He films on planar substrate, purely 2D substrate, shows the Kosterlitz-Thouless
(KT) transition. However, in multiple-connected porous substrates, a dimensional crossover from a 2D-XY
(KT transition) to a 3D-XY system is expected when the correlation length & o< (1 — 7'/7T.) %7 grows near
T. and exceeds a length scale of the pore connection [1]. We present superfluid density measurements by
20 MHz quartz crystal microbalance (QCM) for the three different porous gold substrates with the thickness
L =410, 840, and 1290 nm (diameter of gold strands dgo1q = 29, 38, and 40 nm respectively) in the temper-
ature range of 0.7 ~ 1.0 K. Our results are fully explained by the scenario of the 2D-3D crossover even at the
high frequency, and we find a 3D critical region when £ exceeds ~ 150 nm, which is approximately 5 times
larger than dgo1q. We also suggest a possibility that a finite size effect occurs when £ exceeds the substrate
thickness L.

1. G. A. Csathy, D. Tulimieri, J. Yoon, and M. H. W. Chan, Phys. Rev. Lett. 80, 4482 (1998).
Keywords: “He film, superfluid transition, finite size effect
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Quantum interference in bismuth nanowires: evidence for surface charges

L. Konopko?, T. E. Huber?, and A. Nikolaeva®

“Institute of Electronic Engineering and and Nanotechnologies, ASM, Chisinau, Moldova and International
Laboratory of High Magnetic Fields and Low Temperatures, Wroclaw, Poland
bHoward University Department of Chemistry, 500 College St. N.W., Washington, DC 20059

We report the results of magnetoresistance (MR) studies of single crystal Bi nanowires with diameter d < 80
nm. The single crystal nanowire samples were prepared by Tailor-Ulitovsky technique. Due to semimetal-to-
semiconductor transformation and big density of surface states with strong spinorbit interactions the charge
carriers are confined to the conducting tube made of surface states. The Aharonov-Bohm oscillations, ex-
tracted from the longitudinal MR, with two periods AB proportional to h/e and h/2e were observed, the
manifestation of Berry phase was found in h/2e oscillations [1,2]. But even in the case of transverse magnetic
field, the equidistant oscillations of MR exist at certain rotation angles and the period of oscillations depends
on the wire diameter d as for the case of longitudinal MR. An interpretation of transverse MR oscillations is
presented.

This work was supported by the STCU Grant N 5050.

1. T.E. Huber, A.A. Nikolaeva, L.A. Konopko, M.J. Graf, Phys. Rev. B'79, 201304(R) (2009).
2. L.A. Konopko, T.E. Huber, A.A. Nikolaeva, J. Low Temp. Phys. 158, 523 (2010).

Keywords: bismuth nanowire, magnetoresistance, Aharonov-Bohm oscillations, Berry phase, semimetal-
to-semiconductor transformations, surfase states

Quantum Monte Carlo simulations of the Kosterlitz-Thouless transition for two-dimensional
disordered Bose-Hubbard model

H. Kuroyanagi, M. Tsukamoto, and M. Tsubota
Department of Physics, Osaka City University, Sumiyoshi-ku, Osaka 558-8585, Japan

A lot of interest has been paid to the nature of disordered Bose systems. These systems can be realized by
4He in porous glasses or atomic gases in optical trap potentials. Our study is devoted to numerical simulations
for two-dimensional (2D) disordered Bose systems using quantum Monte Carlo method. In this report, the
chemical potential was assumed to depend on the site randomly and its distribution was given by a Gaussian
distribution. In 2D pure Bose systems, it is well-known that the Koterlitz-Thouless (KT) transition occcurs.
Our motivation is to study effects of the randomness on KT transition. By changing the dispersion of the
Gaussian distribution, we found that the transition temperature decreases as the dispersion increases. The
phase diagram was obtained to show the superfluid and the disordered phases. We try to understand our
results by using the concept of percolation”.

Keywords: Kosterlitz-Thouless transition, superfluid, quantum Monte Carlo
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Low-temperature properties of quantum Heisenberg antiferromagnet and
Hubbard model on one dimensional lattices containing equilateral triangles
M. Maksymenko®, O. Derzhko?, and J. Richter”

“Institute for Condensed Matter Physics, NAS of Ukraine, 1 Svientsitskii Street, L’viv-11, 79011, Ukraine
YInstitut fiir Theoretische Physik, Universitit Magdeburg, P.0.Box 4120, D-39016 Magdeburg, Germany

We study the quantum Heisenberg antiferromagnet and the Hubbard model on two one-dimensional lattices
containing equilateral triangles, namely, i) a chain of corner-sharing double tetrahedra [1,2] and ii) a frustrated
three-leg ladder [3]. These lattices support localized one-particle (one-magnon or one-electron) states which
are located on triangular traps. Each of these states is two-fold degenerate due to chirality of the triangle and
becomes the lowest-energy state for sufficiently strong antiferromagnetic interaction or (positive) hopping
integral along the triangle sides. Using the localized-state picture we construct many-body states, count their
number, and calculate their contribution to the thermodynamic quantities. In strong magnetic fields around
the saturation field hy (Heisenberg antiferromagnet) or around a particular value of the chemical potential
1o (Hubbard model) the constructed states dominate the low-temperature thermodynamics of the systems.
Additional interspin interactions or intersite hoppings in the model Hamiltonians may lift the degeneracy
with respect to chirality. We compare analytical predictions with exact diagonalization data for finite quantum
systems.

[1] O.Rojas and F.C.Alcaraz, Phys. Rev. B 67, 174401 (2003).
[2] C.D.Batista and B.S.Shastry, Phys. Rev. Lett. 91, 116401 (2003).
[3] A.Honecker, F.Mila and M.Troyer, Eur. Phys. J. B 15, 227 (2000).

Keywords: frustration, localized states, flat bands, Heisenberg antiferromagnet, Hubbard model

Helium fluid in extremely narrow 1D channels 1.5 nm in diameter

T. Matsushita, J. Miura, M. Hieda, and N. Wada
Department of Physics, Graduate School of Science, Nagoya University, Nagoya 464-8602, Japan

Recently we have studied 1D states of He fluid adsorbed in a silica-based nanoporous material FSM with
straight uniform 1D channels of various diameters 1.8-4.7 nm'. While narrower channels are basically fa-
vorable to realize the 1D states of adsorbed He, the stronger adsorption potential and its corrugation from the
substrate disturb motion of He adatoms critical for the quantum behavior. To find the optimum channels for
1D He quantum fluid close to the narrowest limit, we have measured heat capacities of *He and *He adsorbed
in channels 1.5 nm in diameter, which are narrower than those used in previous studies. From the heat of
desorption for “He adatoms, the coverage n¢, up to which “*He film grows uniformly, is determined to be 15
pmol/m? using the Frenkel-Halsey-Hill model. At coverages sufficiently below ng, the temperature depen-
dence of the *He heat capacity has a shoulder, above which adsorbed 4He is delocalized from the substrate.
However, the depression indicating quantum behavior has not been observed up to n¢, which suggests that
4He film remains amorphous-like normal fluid until n¢. In contrast, dilute 3He, which was adsorbed addi-
tionally on *He film slightly below n, has a large temperature-independent specific heat comparable to the
gas constant. It is likely to indicate that 3He atoms behave like gas even in the extremely narrow channels,
because of smoothing and weakening of the substrate potential by preplating with “He.

1. N. Wada, T. Matsushita, M. Hieda, and R. Toda, ”Fluid States of Helium Adsorbed in Nanopores”, J. Low
Temp. Phys. 157, 324 (2009), and references therein.

Keywords: 4He film, 1D state, quantum fluid, nano-scale 1D channel

74



6 REDUCED DIMENSIONALITY, QUANTUM FLUIDS AND SOLIDS

Third sound in superfluid “*He films adsorbed on packed multiwall carbon nanotubes

E. Menachekanian and G. A. Williams
Department of Physics and Astronomy, University of California, Los Angeles, CA 90095 USA

We are studying the propagation of third sound in thin *He films adsorbed on multiwall carbon nanotubes.
The nanotubes of average diameter 15 nm are lightly packed into a cylindrical resonator, with a resistor
bolometer at the cylinder end to detect the temperature oscillations accompanying the waves. The lowest
standing-wave mode is excited by mechanical vibrations, with FFT analysis allowing measurement of both
the sound speed and dissipation. We observe the KT onset transition, and then at higher thicknesses capillary
condensation becomes important. At 1.3 K we do not observe layering effects, and it may be necessary to
make lower-temperature measurements for this. We also do not see any effects attributable to helium adsorbed
on the inner surface of the nanotubes.

Keywords: helium films, adsorption on nanotubes, third sound

Impurity gel samples in superfluid He-II - results of neutron studies
L. P. Mezhov-Deglin®, V. B. Efimov?, A. V. Lokhov?, G. V. Kolmakov®, and V. V. Nesvizhevsky®

“Institute of Solid State Physics RAS, Russia
bUniversity of Pittsburg, USA
“Institut Laue Langevin, Grenoble, France

A few years ago we proposed the idea to use massive deuterium or heavy water gel samples in He-II cooled
down to a few mK for production and storage of ultra cold neutrons (UNC) due to inelastic scattering of
very cold neutrons on the cluster backbone of the gel. Results of the first measurements performed in ILL
at temperatures above 1.6 K had witnessed in support of the idea: propagating through the D20 gel sample
cold neutrons showed strongly anisotropic scattering at energies E above SK whereas decrease of their energy
to E below 0.5K had resulted in near isotropic s-scattering. From the SANS measurements it followed that
characteristic dimensions of clusters in freshly prepared D20 gel samples were below 15nm, and in D2 gel
samples their sizes were distributed between 3 and 150 nm. Heating of the sample from 1.6 to 2.13 K had
resulted in a significant increase of content of small diameter clusters. Based upon these results we proposed
the second idea — the rate of production of UCN in a newly built UCN source on pure He-II could be increased
significantly by filling the helium vessel with a gel at high gel densities. Whether the effective mean free path
of the injected 0.9 nm neutrons was restricted by their elastic scattering on impurity nanoclusters, and it was
less than the vessel size, cold neutrons should diffuse through the sample , and the propagation time of cold
neutrons between two their collisions with the vessel walls should increase strongly. It should result in a strong
rise of the UCN density inside the vessel. The work is supported by the RFBR grants No 07-02-12136-0 and
10-02-00906-a.

Keywords: quantum gels, superfluid helium, neutron scattering
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Phase diagram of “He film in 3D nanopores of ZTC

Y. Nakashima, M. Hieda, T. Matsushita, and N. Wada
Department of Physics, Graduate School of Science. Nagoya University, Nagoya 464-8602, Japan

Previously we have studied superfluidity of *He film in HMM-2 of which pores 2.7 nm in diameter are con-
nected in three-dimension (3D) with the period 5.5 nm'. The superfluidity of the film has an onset charac-
teristic of the 3D superfluid transition with a sharp peak in the heat capacities. It suggest that the 3D pore
connection cause the superfluid transition. To investigate three dimensionality of superfluid *He film, recently
we have studied on “He film adsorbed in new 3D nanoporous material ZTC, of which 3D period is shorter
than HMM-2. The nanopores have the pore diameter 1.2 nm, the 3D period 1.4 nm, and the porosity 78% .
From the heat of vaporization, the uniform “He layers are observed to be formed up to about 1.4 atomic lay-
ers. At low coverages below the first adsorbed layer completion, the heat capacity rapidly decreases below a
temperature 77,. It suggests a localized state of “He at temperatures below 7%,. Heat capacity isotherms show
maxima around 1.1 layer, similarly to the cusps of *He isotherms observed in HMM-2. At 1.2-1.3 layer above
the coverage, dilute *He additionally adsorbed on the film has specific heats comparable to the gas constant,
which indicates that the *He film is quantum (Bose) fluid between 1.1 and 1.4 layer. Thus, the phase diagram
of “He film in ZTC is determined, together with results of the superfluid onset by a torsional oscillator.

1. R.Toda et al., Phys. Rev. Lett. 99, 255301 (2007)
Keywords: restricted geometry, superfluid “He film, phase diagram, 3D nanopores

Ground-state properties of electron-electron quantum bilayers
Mukesh G. Nayak® and L. K. Saini®?

“Department of Applied Physics, S. V. National Institute of Technology, Surat - 395007, India
bThe Institute of Mathematical Sciences, Chennai - 600113, India

The ground-state behaviour of electron-electron quantum bilayer systems within the neutralizing background
and zero magnetic field is studied by including unequal density of layers. The quantum self-consistent mean-
field approximation of Singwi, Tosi, Land and Sj6lander (qSTLS) is used to study the intra- and inter layer
properties, such as the static pair-correlation functions, the static structure factors, the static density suscep-
tibility and the static local-field correction factors over a wide range of layer density parameter r and layer
spacing d. We find that the inclusion of unequal density brings a phase transition from charge density wave
(CDW) to coupled Wigner crystal (WC) ground state at the close proximity of the layers. We also find that
inclusion of unequal density markedly reduce critical r, for the onset of Wigner crystallization. The results
are compared with recent findings of the equal density effects in electron-electron quantum bilayer systems.

Keywords: Quantum Well, Wigner Crystal, Electron-electron correlation
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Features of the magnetothermopower and magnetoresistivity of Bi nanowires in weak
and strong magnetic fields

A. Nikolaeva?, L. Konopko?, T. Huber?, Gh. Para®, and A. Tsurkan®

“Institute of Electronic Engineering and Industrial Technologies, Academy of Science of Moldova, and In-
ternational Laboratory of High Magnetic Fields and Low Temperatures, Wroclaw, Poland

®Department of Chemistry, Howard University, 500 College St. N.W., DC 20059 Washington, U.S.A
“Institute of Electronic Engineering and Industrial Technologies, Academy of Science of Moldova, Moldova

In single-crystal Bi nanowires obtained by the Ulitovsky method, we study the effect of weak and strong
magnetic fields on the thermopower, which has a positive value in absence of a magnetic field and reverses
sign due to the quantum size effect !. It is shown that weak and strong magnetic fields lead to an increase in
the positive contribution to the thermopower, which, in turn, results in an increase in Power factor = oo at
30-50 K. A strong magnetic field uH > 1 leads to a shift of the thermopower sign reversal to the region of
higher temperatures in magnetic fields, the thermopower remains positive in the entire temperature range. Bi
nanowires are promising materials for thermoelectric applications.

This work was supported by SCOPES 1Z273Z0_ 127968 “Functional Nanowires”.

1. Gitsu, D., Konopko, L., Nikolaeva, A. and Huber, T (2005). ~’Pressure dependent thermopower of individ-
ual Bi nanowires.” J. Applied Physics Letters, v. 86, p.10210.

Keywords: bismuth nanowires, quantum size effect, thermopower, power factor, thermoelectric ap-
plications

QCM study of 2D superfluid in >He-*He mixture films on gold

T. Oda, M. Hieda, T. Matsushita, and N. Wada
Department of Physics, Nagoya University, Nagoya, Japan

There have been a number of experiments exploring the nature of 2D superfluidity and configuration of
3He-*He mixture films on various substrates. It is found that the superfluidity is strongly affected by *He
concentration. At T = 0, >He tends to float on top of *He due to the different zero point energies and con-
figuration of the mixture films can be viewed as “superfluid sandwich model”. In the mixture films with
thick ®He overlayer, an extra temperature dependence of the superfluid density and suppression of the su-
perfluid transition temperature are observed [1], yet details of these behavior have not been revealed. We
present the results of QCM (quartz crystal microbalance) measurements on flat gold substrate to study an
effect of He on the superfluidity of the mixture films. Our measurements are done by keeping a constant
3He coverage (0, 1.7, or 19.0 zmol/m?) and then adding *He. For the mixture films with n3 ~ 1.7 zmol/m?2,
the temperature dependence of the superfluid density shows no difference from pure “He film. However,
for ng ~ 19.0 umol/m?, the temperature dependence is dramatically changed. Reduction of the superfluid
transition temperature is observed. These observations suggest that localization of *He induced by overlayer
3He is enhanced by increasing temperature. In the torsional oscillator experiment on Mylar [1], the similar
behavior is observed in the mixture films with much thicker overlayer of 3He, n3 ~ 136 pmol/m? (~ 13
bulk-density layers). A threshold coverage of *He contribution to the temperature dependence is suggested
between 1.7 and 19.0 zmol/m?.

1. D. McQueeney, G. Agnolet and J. D. Reppy, Phys. Rev. Lett. 52, 1325 (1984).

Keywords: KT transition, He-*He mixture film
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Ground-state properties of 2D hard-core bosons in superfluid phase within second-
order spin wave theory

M. L. Poltavskaya, T. N. Antsygina, 1. I. Poltavsky, and K. A. Chishko

B. Verkin Institute for Low Temperature Physics and Engineering, Kharkov, Ukraine

Using the second order spin-wave theory we derive an analytical expression for zero-temperature thermody-
namic potential of the hard-core bosons on a square and triangular lattices in the superfluid phase. The model
takes into account the hopping of the particles, the nearest neighbor repulsion, and next nearest neighbor in-
teraction which can be of any sign. The internal energy, superfluid density, boson density and compressibility
are calculated for different sets of the system parameters. We found the Kosterlitz-Thouless transition tem-
perature using the universal jump condition. It is shown that even at small particle density the second order
corrections to the linear spin-wave approximation are significant at high enough interparticle interactions.
We compare our results for the internal energy, boson density, and superfluid density with a number of nu-
merical data for hard-core bosons on square! and triangular®? lattices. In all the cases quite good agreement
is obtained.

1. L. Dang, M. Boninsegni, and L. Pollet, Phys. Rev. B 78, 132512 (2008).
2. S. Wessel and M. Troyer, Phys. Rev. Lett. 95, 127205 (2005).
3. M. Boninsegni, J. Low Temp. Phys., 132, 39 (2003).

Keywords: hard-core bosons, superfluid density, thermodynamic potential, second order spin-wave
theory

Finite temperature phase diagrams of hard-core bosons on a square lattice
L. I. Poltavsky, T. N. Antsygina, M. L. Poltavskaya, and K. A. Chishko

B. Verkin Institute for Low Temperature Physics and Engineering, Kharkov, Ukraine

A hard-core boson model on a square lattice is known to exemplify liquid, solid and superfluid phases. Using
two-time Green-function formalism with the decoupling on the first step we build finite temperature phase
diagrams for the quantum square lattice hard-core boson model with nearest (nn) and next nearest (nnn)
neighbor interactions. The nn interaction is assumed to be repulsive while nnn interaction can be either
attractive or moderately repulsive. The behavior of the system has been investigated at different magnitudes
of the hopping and ratio between the nn and nnn interactions. It turned out that for hard-core bosons with
only nn interaction even arbitrary small hopping leads to the appearance of the first order phase transitions in
the low temperature region. The analysis shows a significant distinction in the behavior of the system at high
and small hopping. Namely, at small hopping with decrease in temperature neither solid nor liquid can exist
as stable homogeneous phases, so that below a definite temperature the system is necessarily separated into
two-phase mixture. In this respect the hard-core bosons with small hopping display behavior similar to that
found for the Ising model. In the case of high enough hopping the properties of the system are quite different.
Due to the high kinetic energy there exists a density region where a stable homogeneous liquid phase occurs
up to zero temperature. Furthermore, if the nnn interaction is repulsive then the density region of absolute
instability at zero temperature extends until some density, above which a homogeneous solid phase can exist
up to zero temperature at least as metastable.

Our investigations indicated conclusively the possibility of reentrant phase transitions in a square lattice of
hard-core bosons with nn and nnn interactions.

Keywords: hard-core bosons, finite temperature phase diagrams, reentrant phase transition
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Multiple-spin exchange in strongly correlated fermion systems

M. Roger
DSM/IRAMIS/SPEC CEA Saclay 91191 Gif sur Yvette Cedex FRANCE

The concept of Multiple-Spin Exchange is reviewed from the pioneering paper of P.A.M Dirac (1926), to
recent experimental observation in two-dimensional highly correlated fermion systems. Special emphasis is
put on two-dimensional *He: a model system with tunable magnetic frustration, exhibiting exotic magnetic
states (like spin-liquid) and Mott-Hubbard transition from liquid to commensurate solid.

Keywords: quantum solid, magnetism, spin liquid
INVITED PAPER

Quantum phase transition of “He confined in a regular nanoporous structure
K. Shirahama®, N. Yamanaka®, T. Kondo?, Y. Sogabe®, Y. Shibayama®, and S. Inagaki®

“Department of Physics, Keio University, Yokohama 223-8522, Japan
bToyota Central R & D Laboratories, Toyota 480-1192, Japan

“He confined in porous media provides a unique model for the study of strongly correlated Bosons in external
potentials. We observed a pressure - induced quantum phase transition (QPT) for liquid *He confined in
a porous Gelsil glass (pore size: 2.5 nm)!. The pore structure provided by Gelsil is a random network of
nonuniform-sized pores, and the pore wall is atomically rough. So the QPT might be related to the emergence
of a Bose glass state?. In order to elucidate the effect of the randomness and disorder in the porous structure,
we have examined superfluidity of *He confined in Hybrid Mesoporous Material (HMM-3) 3. HMM-3 has a
regular three - dimensional array of spherical spaces of 5.1 nm in diameter, which are connected each other
by thin apertures of 2.5 nm in diameter®. The spherical spaces and the apertures provide a well - defined
periodic potential for the confined helium. We have succeeded to detect the “He superfluid transition in
powder samples above the bulk freezing pressure 2.5 MPa by ultrasound technique. The superfluid transition
temperature 7, decreases abruptly at pressure P > 2.8 MPa, and approaches 0 K at P ~ 3.4 MPa. This
result shows that nanoscale confinement is most essential for the emergence of QPT, and disorder in porous
structure has a secondary effect.

[1] K. Yamamoto et al., Phys. Rev. Lett. 93, 075302 (2004); ibid. 100, 195301 (2008); K. Shirahama et al., J.
Phys. Soc. Jpn. 77, 111011 (2008). [2] M. P. A. Fisher et al, Phys. Rev. B 40, 546 (1989). [3] N. Yamanaka
et al., in preparation. [4] S. Guan et al., J. Am. Chem. Soc. 122, 5660 (2000).

Keywords: quantum phase transition, quantum critical phenomena, superfluid, porous media
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Elements of transport theory on the ground of one-dimensional model of quantum
stat. hydrodynamics.

A. Sukhanov® and O. Golubjeva®

“Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Russia.
bRussian Peoples Friendship University, Moscow, Russia. ogol@oldi.ru

We want to construct a theory of transport phenomena in nearly perfect fluids. Nowadays the consecutive
quantum statistical hydrodynamics, suitable for the description of nearly perfect fluidity in various mediums,
does not exist. Such a theory can be useful, even if it does not go into the details of the processes which take
place. The non-equilibrium theory that we propose can be considered as a generalization of the equilibrium
(h,k)-dynamics formulated by us earlier. In it a new macroparameter, named the effective action, is introduced
and the coefficients of transport phenomena, including diffusion coefficient and shear viscosity, are expressed
through it. We construct it from two equations with temperature-dependent parameters. The first one is a
modified continuity equation for probability density (F-P equation) and the second one is a motion equation
like the H-J equation. We start from the Lagrangian form of quantum mechanics but introduce a generalized
Lagrangian density which considers a stochastic influence of cold and thermal vacua. This generates a process
of self-diffusion. Therefore, in the corresponding formula drift and diffusion velocities are taken into account
and an additional term in the form of diffusion pressure appears. We construct an one-dimensional model
of quantum statistical hydrodynamics at finite temperature. As a result we get a system of Lagrange-Euler
equations. Its solution with respect to probability density and phase allows us to obtain nonequilibrium
wave functions of thermal vacuum, describing the approach to a thermal equilibrium, without the direct
manipulation with the Schroedinger equation. This has some applications for the description of a new matter
state - nearly perfect fluids.

Keywords: nearly perfect fluids, one-dimensional model, quantum statistical hydrodynamics, self-
diffusion

Unusual monolayer superfluidity of *He on lithium
P. Taborek and E. Van Cleve
Department of Physics and Astronomy, University of California, Irvine, CA, USA

We have investigated the phase diagram of * He on Li using a quartz crystal microbalance (QCM), which
measures the normal coverage, and ellipsometry, which measures the total coverage. The Lithium films are
formed in situ on a QCM at low temperature using a laser ablation technique. Above 0.76K, the He coverage
is a continuous smooth function of the chemical potential with no layering transition. In this regime, the
conventional features of a Kosterlitz-Thouless(KT) transition are observed , but they abruptly disappear below
this temperature. This and other features of the isotherms lead us to a 2D phase diagram which is distinctly
different from both previous experiments on adsorbates such as plated graphite and also computer simulations
of 2D helium. In particular, on lithium, the KT transition meets the 2D liquid-vapor critical point to form a
tricritical point, and at sufficiently low temperatures, essentially all of the helium participates in superflow,
i.e. there is no “dead layer”.

Keywords: Kosterlitz-Thouless, alkali metal, tricritical point
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Phase diagram of *He confined in 1D nano-porous material FSM16 with 2.8-nm chan-
nel

J. Taniguchi, R. Fujii, and M. Suzuki

Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182-
8585, Japan

We have carried out a series of torsional oscillator measurements for liquid *He confined in a nano-porous
material FSM16 which possesses a one-dimensional 2.8-nm straight channel. It was found that the superfluid
onset temperature 7, is strongly suppressed as 0.9 K at 0.01 MPa, and is suppressed further under the ap-
plication of pressure. This onset continuously approaches zero at around 2.1 MPa at absolute zero. In order
to search the property of “He in 2.8-nm channel, we have performed the freezing pressure and heat capacity
measurements. It was made clear that the freezing does not occur up to 3.75 MPa, which means that the
disapprance of superfluid onset at around 2.1 MPa is a qunatum phase transition between superfluid and non-
superfluid liquid states. The heat capacity shows no anomaly at 7},, while it has a broad bump at the higher
temperature than 7. In the pressure region where superfluid disappears, the bump lowers. The heat capacity
behavior indicates that “He in the channel falls into a low entropy state before the superfluid is observed.

Keywords: superfluidity, quasi one-dimension

Dynamic probes of quantum phase transition in quantum spin chain with three-site
interactions

M. Topilko, O. Derzhko, and T. Krokhmalskii

Institute for Condensed Matter Physics, National Academy of Sciences of Ukraine, 1 Svientsitskii Street,
L’viv-11, 79011, Ukraine

We consider spin-1/2 X X chain with three-site interaction of X ZY — Y ZX type' ~3. This model is known
to exhibit two different spin liquid phases which are separated by a quantum phase transition point?3. In
our study we wish to clarify how the quantum phase transition point manifests itself in dynamic properties of
the spin model. For this purpose we study several dynamic structure factors which are built on different local
operators. Some of them, which are governed by a two-fermion excitation continuum?*, have been found in the
closed form. We discuss general and specific properties (boundaries on the plane wavevector—frequency, van
Hove singularities, soft modes etc.) of the two-fermion dynamic structure factors. We compare the obtained
results with the corresponding ones obtained earlier for the spin-1/2 X X chain with three-site interaction of
XZX +YZY type®.

1. A. M. Tsvelik, Phys. Rev. B 42,779 (1990).

2. D. Gottlieb, J. Rossler, Phys. Rev. B 60, 9232 (1999).

3. P. Lou, W.-C. Wu, M.-C. Chang, Phys. Rev. B 70, 064405 (2004).

4. G. Miiller, H. Thomas, H. Beck, J. C. Bonner, Phys. Rev. B 24, 1429 (1981).

5. T. Krokhmalskii, O. Derzhko, J. Stolze, T. Verkholyak, Phys. Rev. B 77, 174404 (2008).

Keywords: quantum phase transition, spin liquid, dynamic properties
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Bose Hubbard model confined in the restricted geometry
M. Tsukamoto and M. Tsubota
Department of Physics, Osaka City University, Japan

Recently, a lot of experiments for *He confined in various porous media have been performed and the results
depend on the dimensionality and pore sizes of the media. Above all, a powder medium FSM that consists of
one-dimensional pores attracts a great deal of interest. The present work is motivated by the experiments for
FSM.

We investigated the Bose system confined in one-dimensional channel by using quantum Monte Carlo simu-
lations. We observed temperature dependences of the superfluid density and two correlation functions of the
tubal and the circumferential direction of the channel. We found that the correlation of the system developed
along the circumference as temperature is lowered, and then the Kosterlitz-Thouless(KT) phase appears at a
temperature depending on the confining potential and on the ratio of the circumferential length to the length
of the channel.

Keywords: superfluid, “He, restricted geometry

Adsorption of atoms on a single carbon nanotube

O. E. Vilches, Z. Wang, H. Lee, E. R. Mattson, E. Frederickson, and D. H. Cobden
Department of Physics, University of Washington, Seattle WA 98195-1560, USA

We present results from physical adsorption experiments on individual carbon nanotubes. A suspended
closed-end single-wall nanotube driven at its resonance frequency, fy.s, serves as a pristine substrate and
an ultrasensitive mass balance. Adsorption changes the suspended mass and f,.s o [M,: + Mads]’l/ 2,
where M,,; and M, s are respectively the masses of the bare nanotube and the adsorbates. We operate our
balances following the technique of Sazonova et al.!. The nanotube is grown as the last step in the fabrication,
suspended across pm-wide trenches on a substrate with evaporated Pt conducting pads. The current through,
and charge and tension on the nanotube are controlled via three electrodes (source, drain and gate). The
nanotube is driven to vibrate using a modulated (1 kHz) AC current in the 1 MHz to 1 GHz range. Usually
several resonances are detected and tracked as a function of gate voltage. To measure an isotherm, a chosen
resonance is followed at constant temperature as a function of pressure of gas in equilibrium with the adsor-
bate. Simultaneous conductance measurements can be performed. With these devices we have studied the
adsorption of Ar and Kr above 68 K. We observe two-dimensional vapor (V), fluid, commensurate solid (CS)
and incommensurate solid phases, and the transitions between them?. We observe a change in the conductiv-
ity of the nanotube at a V-CS transition. We will compare adsorption on individual nanotubes with adsorption
on nanotube bundles and exfoliated graphite. Our research is supported by the NSF, grant 09807690.

1. V. Sazonova et al., Nature 431, 284 (2004)
2. 7. Wang, J. Wei, P. Morse, J. G. Dash, O. E. Vilches and D. H. Cobden, Science 327, 552 (2010)

Keywords: resonators, adsorbed gases, phase transitions, electrical conductivity
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Superfluidity in one-dimensional state of “He fluid nanotubes

N. Wada, Y. Minato, T. Matsushita, M. Hieda, K. Yamashita, and D. S. Hirashima
Department of Physics, Graduate School of Science, Nagoya University, Nagoya 464-8602, Japan

We have realized He fluid nanotubes in one-dimensional (1D) nanopores, 1.8-4.7 nm in diameter and about
300 nm in length, of which pore walls are preplated with “He inert layer about 0.5 nm in thickness'. The
fluid nanotubes set into the 1D phonon state at low temperatures where the thermal phonon wavelength is
longer than the nanotube diameter. In the torsional oscillator experiment, the frequency shift A f due to the
superfluidity was observed for the nanotubes in the 1D state. The smallest diameter of the superfluid tube
is 0.8 nm formed in the 1.8 nm 1D pores preplated with the “He inert layers. The small diameter fluid tubes
formed in 1.8-2.4 nm pores show the temperature dependence that the superfluid A f slowly increases with
decreasing temperature. This dependence is quite different from that of the large pore diameters which is
similar to the universal jump of the 2D Kosterlitz-Thouless transition. The tube diameter dependence of the
observed superfluid shift A f is qualitatively well reproduced by the Monte Carlo calculation for a classical
XY spin system modeled on the present *He nanotubes?. The 1D state is known to be the normal fluid state
at any finite temperatures, where the correlation function decreases as exp[—7/¢1P]. Even in the 1D state,
the superfluid shift A f can be observed when the correlation length £'° becomes longer than the nanotube
length about 300 nm.

1. N. Wada, T. Matsushita, M. Hieda, and R. Toda, J. Low Temp. Phys. 157 (2009) 324.
2. K. Yamashita and D. S. Hirashima, Phys. Rev B 79 (2009) 014501.

Keywords: supefluidity, *He fluid nanotubes, one-dimensional state
INVITED PAPER

Vortices in superconducting lead nanowires

W. M. Wu, M. B. Sobnack, and F. V. Kusmartsev
Department of Physics, Loughborough University, Loughborough LE11 3TU, United Kingdom

We study the nucleation of vortices in lead superconducting nanowires as a function of applied magnetic field
and temperature.. Bulk lead is a Type-I superconductor and exhibits the Meissner effect. However, at small
scales the magnetisation properties of lead may exhibit unusual behaviour. Experiments by Simon Bending
! showed that Pb nanowires show typical Type-II characteristics in a decreasing applied magnetic field at
temperatures 7' < 5.2K, but not for " > 5.2K. We use the 3D Ginzburg-Landau equations to model the
nanowires and the simulations show that the magentisation curve of wires do show hysteresis for temperatures
T < 5.2K, in agreement with the experimental results. We also study the stable vortex configurations of the
nanowires.

1. M.A. Engbarth, F. Nasirpouri, A. Muller, M.V. Milosevic, S.J. Bending, L.M. Peter (2008). “Geometry
driven flux structures in superconducting Pb nanowire”. International Workshop - Nanostructured Supercon-
ductors: From fundamentals to applications (2008)

Keywords: nanowires, vortices, magnetization, hysteresis
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Bose condensation and superfluidity of *He in nanopores
K. Yamashita and D. Hirashima
Department of Physics, Nagoya University, Japan

Using a torsional oscillator, Taniguchi and Suzuki measured superfluid fraction of liquid “He in one-dimensional
nanopores [1]. In their experiments, they used samples which are immersed in liquid *He. They found a fre-
quency shift at 7' = T, which shows a transition to superfluid state of the bulk liquid, but also found an
additional shift at a lower temperature, which they ascribed to the onset of superfluidity in the 1D part. In
this work, we study the superfluid behavior of 1D *He filling nanopores. We consider a classical XY model,
defined on a 3D lattice whose size is L, x L, x L, with L, > L,. There are two quantities that are relevant
for superfluidity: the amplitude of the Bose-Einstein condensation <m2>, which is ordering of spin vector
in the XY plane, and helicity modulus Y, which is the coefficient of the increase in the free energy under a
twisted boundary condition. In numerical results, we find that <m2> starts to increase at the bulk transition
temperature, 7' = T ~ 2.20J even when L, > L. On the other hand, the onset temperature of the helicity
modulus is strongly suppressed due to the phase slippage [2] as the bar becomes narrow, i.e. L, > L,.
Clearly, in one-dimensional systems, the onset temperature of these two quantities are different. It is now cru-
cial to determine precisely the onset temperature of superfluidity in the 1D part. This would give us important
information on 1D superfluid behavior.

1. J. Taniguchi and M. Suzuki, J. Low Temp. Phys. 150, 347 (2008)
2. K. Yamashita and D. S. Hirashima, Phys. Rev. B 79, 014501 (2009)

Keywords: ‘He, nanopores, XY model, helicity modulus, bose condensation
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A new model for the density-dependence of electron mobility and cavity formation in
supercritical and liquid helium

F. Aitken®, Z.-L. Li% N. Bonifaci®, A. Denat®, and K. von Haeften®

G2ELab-CNRS and Université Joseph Fourier, 25 rue des Martyrs, 38042 Grenoble, France
®Department of Physics & Astronomy, University of Leicester, Leicester, LE1 7RH, United Kingdom

Electron mobilities in supercritical and liquid helium were investigated as a function of the density. The mo-
bilities were derived from I(V) curves measured in a high-pressure cryogenic cell using a corona discharge in
point-plane electrode geometry for charge generation. The presented data spans over a wide P, T range due
to the versatility of our experimental set-up. Where data from previous investigation is available very good
agreement is found. We present a new model to calculate electron mobilities both in the liquid and supercrit-
ical phase. This model requires the electron-helium scattering length and thermodynamic state equations as
the only input and circumvents the employment of the surface tension. Our model reproduces experimental
data very well, in particular towards lower densities where transitions from localised to delocalised electron
states are observed.

Keywords: quantum fluid, electron mobility

Electron transport on liquid helium in confined geometry
M. Ashari®, D. Rees®, F. Shaban®, J. Engelhardt®, J. Gleixner?, K. Kono®, and P. Leiderer®

“Department of Physics, University of Konstanz, 78457 Konstanz, Germany
"Low Temperature Physics Laboratory, RIKEN, Hirosawa 2-1, Wako-shi, Saitama 351-0198, Japan

We present an investigation on the transport of electrons on liquid helium films through narrow channels using
suitable substrate structures, micro-fabricated on a silicon wafer which resembles Field Effect Transistors.
The sample has Source and Drain regions, separated by a Gate structure, which consists of two gold electrodes
with a narrow gap (channel) through which the electron transport takes place. The electron densities on both
source and drain are determined by an optical measurement of the underlying helium film, where the surface
charge density depends on the thickness of this film. For time-resolved measurements, a pulse of electrons
from a small filament is first collected on the source area, and then the passage of this pulse through the
channel of the split gate towards the drain is monitored. This allows determining the electron transport of
surface state electrons in channels of various dimensions and for a wide range of electron densities. We also
present investigations on the potential distribution across the silicon wafer. Pulsing the gate for a short time
can be used for a determination of the mobility of the electrons through the channel. Results for a wide range
of electron densities are reported.

Keywords: Surface state Electrons, Electron transport
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Ripplonic Lamb shift for electrons on helium surface
M. I. Dykman®, K. Kono®, D. Konstantinov?®, E. Collin®, and M. J. Lea®

“Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
"Low Temperature Physics Laboratory, RIKEN, Hirosawa 2-1, Wako 351-0198, Japan
“Department of Physics, Royal Holloway, University of London, TW20 OEX, UK

Electrons on helium surface is an ideal system for studying many-body phenomena, as it is free from disorder.
I will discuss some recently found phenomena related to the electron coupling to capillary waves on the
helium surface, ripplons, and to the electron-electron interaction. I will show that two-ripplon processes lead
to the Lamb-like shift of the energy levels of quantized electron motion normal to the surface. The shift
is free from the strong divergence that appears if, following conventional wisdom, one disregards the 3D
character of the electron motion. It displays a characteristic temperature dependence, which is in quantitative
agreement with the experiment. I will also show that two-ripplon processes play a significantly smaller role in
the electron energy relaxation than previously assumed. This leads to a long coherence time of qubits based
on quantized lateral states in quantum dots on helium surface placed into a microwave cavity.! I will also
discuss a long-sought effect, the onset of intrinsic resonant bistability of the response of a quasi-2D electron
system to a microwave field, which has been recently seen in the experiment on electrons on helium and
which is due to the electron correlations.?

1. Schuster, D. et al. (2010). “Proposal for Manipulating and Detecting Spin and Orbital States of Trapped
Electrons on Helium Using Cavity Quantum Electrodynamics”, Phys. Rev. Lett. 104.

2. Konstantinov, D. et al. (2009). “Resonant Correlation-Induced Optical Bistability in an Electron System
on Liquid Helium”, Phys. Rev. Lett. 103, 096801.

Keywords: two-dimensional systems, electron scattering, many-electron effects
INVITED PAPER

Transport measurements of electrons on liquid *He in the 1.6 xm channel
H. Ikegami, H. Akimoto, and K. Kono
RIKEN, Hirosawa 2-1, Wako, Saitama, Japan

Electrons floating on the surface of liquid “He form the two-dimensional Wigner crystal at low temperatures.
Because of the fluctuation caused by the long-wavelength thermal phonons, the crystal in the two-dimension
has the quasi-long-range positional order rather than the true long-range order at any finite temperatures. The
effect of the thermal fluctuation is more significant in a lower dimensional system, and no long-range order
is expected for the one-dimensional crystal. Here we have investigated by means of transport measurements
whether electrons form a crystal in the quasi-one-dimensional geometry with a few electrons in the confined
direction. For this purpose, we have developed the device to measure the conductance of electrons confined
in the channel 1.6 pum in width, and investigated the transport properties associated with the formation of the
Wigner crystal.

The transport is found to be nonlinear below about 1 K; the current shows a clear plateau with increasing
excitation voltage. The plateau is associated with the resonant scattering of ripplons by the Bragg-Cherenkov
mechanism®2. As the Bragg-Cherenkov scattering occurs only when the electrons form a lattice accompa-
nying the commensurate deformation of the the helium surface, the observed plateau strongly suggests that
the electrons form a crystal-like structure in the channel. Judging from the magnitude of the current at the
plateau, only a few electrons are present in the confined direction, forming the crystal-like structure.

1. M. I. Dykman and Yu. G. Rubo, Phys. Rev. Lett. 78, 4813 (1997).
2. H. Ikegami, H. Akimoto, and K. Kono, Phys. Rev. Lett. 102, 046807 (2009).

Keywords: electrons on helium, Wigner crystal, low dimensionality, mesoscopic system
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Radiation-induced zero-resistance states in surface electrons on He

D. Konstantinov and K. Kono
Low Temperature Physics Laboratory, RIKEN, Wako, Japan

We report a novel transport phenomenon realized by optical pumping in an ultraclean quasi-2D system of
nondegenerate electrons subjected to perpendicular magnetic fields. When exposed to resonant millimeter
microwaves, which excite the transition of electrons between surface-state subbands, the system exhibits
novel quantum oscillations of the magnetotransport.! The oscillations are periodic in the inverse magnetic
field and originate from the scattering-mediated transitions of the excited electrons between the Landau lev-
els of the occupied subbands. At sufficientely low temperatures and high radiation intensities, we observe
vanishing longitudinal resistivity, p,, — 0, at the minima of the resistance oscillations. The zero-resistance
states exhibit strong hysteresis in varying magnetic fields. We suggest possible connection of the observed
phenomenon with microwave-induced zero-resistance states recently discovered in a quantum degenerate
electron gas in ultrahigh-mobility GaAs/AlGaAs heterostructures.?-3

1. D. Konstantinov and K. Kono, Phys. Rev. Lett. 103, 266808 (2009).
2. R. Mani et al., Nature (London), 420, 646 (2002).
3. M. A. Zudov et al., Phys. Rev. Lett. 90, 046807 (2003).

Keywords: electrons on helium, zero-resistance states, microwave absorption
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Mixed scenario of the charged helium surface reconstruction

P. Leiderer® and V. Shikin®

“University of Konstanz, D-78457, Germany
bInstitute of Solid State Physics of RAS, Chernogolovka, Moscow distr., 142432, Russia

One of the instabilities studied in classical hydrodynamics is the Frenkel-Tonks (FT) instability [1, 2] oc-
curring in a threshold manner at the charged liquid surface and resulting in its deformation. A distinctive
feature of the FT instability compared with other decay processes (Rayleigh instability of the cylindrical jet
[3], Karman trace behind the moving cylinder (sphere) [4], instability of the interface between two liquid
media moving relative to each other [5], Taylor vortex instability of viscous liquids between two rotating
coaxial cylinders [5], etc.) is the possibility of stopping the decay process after which a new metastable state
with a finite corrugation amplitude is formed (i.e., a reconstruction occurs). Discussed in the paper is the
mixed scenario of charged liquid surface reconstruction when the surface 2D charge density is close to the
saturation. The basic building block of arising honeycomb structure is shown to be a modified multielectron
dimple.

This work was partly supported by the RFBR grant 09-02-00894.

1. Ya.Frenkel, Zs. der Sowietunion 8, 675 (1935).

2. T.Tonks, Phys. Rev., 48, 562 (1935).

3. J.Strett, Theory of sound, Volume II. Gosizdat, Moscow (1955) (in Russian).

4. G.Batchelor, Introduction to hydrodynamics. Mir, Moscow (1973) (in Russian).
5. L.Landau and E.Lifshitz, Hydrodynamics. Nauka, Moscow (1986) (in Russian).

Keywords: liquid helium, charged surface, reconstruction
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Dynamic melting of 2D electron crystal over liquid helium induced by damaging elec-
tric field

K.A. Nasyedkin and V.E. Syvokon

B.Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, Kharkov, Ukraine

The complex conductivity of 2D electron crystal over liquid helium is studied in the region of the coupled
plasmon-ripplon resonance with two AC driving voltage of different frequency. The low voltage is used for
measurements and high one destroys the crystal. It is found that resonance spectrum deforms with increase of
the damage voltage and the resonance disappears at a critical value of damage signal. That shows a possibility
of disordered state of surface state electrons over liquid helium. The sharp change of both components
of the layer conductivity versus damage voltage is observed. That change is similar to the conductivity
behavior at equilibrium phase transition crystal-to-liquid. The mobility and effective mass of electrons are
calculated from the data obtained. The values calculated are compared with mobility and effective mass at
both dynamical low temperature transition and thermodynamic equilibrium melting. The probable reason of
the phenomena observed is the dynamic melting of 2D electron crystal.

Keywords: 2D electron crystal, liquid helium, nonlinear properties, dynamic melting

Ripplon-limited nonlinear mobility of surface electrons over liquid helium
K.A. Nasyedkin, V.E. Syvokon, Yu.P. Monarkha, and S.S. Sokolov

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, 47 Lenin Ave., 61103, Kharkov, Ukraine

We study, both theoretically and experimentally, the non-equilibrium mobility of surface electrons localized
over liquid helium surface. The experiments are carried out in the temperature range where electron mobility
is limited by electron scattering at surface excitations of liquid helium (ripplons). Holding and driving electric
fields of wide ranges are used in measurements. It is shown that electron momentum relaxation is provided
by one-ripplon processes of carrier scattering by long-wavelength excitations. At the same time the main
channel for energy relaxation is two-ripplon processes of emission of short-wavelength quanta of helium
capillary waves. Special attention is paid to the condition of strong holding fields under which hot electrons
are confined to the ground surface level. Depending on the relation between the momentum relaxation rate
and electron-electron collision frequency, different theoretical approaches are used to describe the nonlinear
mobility of surface electrons. The results obtained allow to estimate the range of physical parameters where
experimental data can be described by the theory of nonlinear electron transport within the ground surface
level.

Keywords: surface electrons in helium, electron-ripplon scattering, non-linear mobility

89



7 CHARGES AND QUANTUM FLUIDS

Transport through a point constriction of an electron liquid on the surface of super-
fluid ‘He
D.G. Rees?, I. Kuroda®, M. Hofer?, P. Leiderer®, and K. Kono®

“Low Temperature Physics Laboratory, RIKEN, Japan
®Department of Physics, Konstanz University, Germany

We present transport measurements of a two-dimensional electron liquid on the surface of superfluid *He in
a novel microchannel device!. In the device, a point constriction between two electron reservoirs is formed
by a nano-fabricated split-gate electrode. The surface electron current passing between the reservoirs may
be suppressed as the split-gate voltage is swept negative, closing the constriction. We demonstrate that the
current threshold depends not only on the applied potentials but also on the surface electron density, in good
agreement with a simple model of the device developed with the aid of finite element analysis. Weak step-like
decreases in the current are observed as the constriction is closed which may be due to ordering effects arising
from the Coulomb repulsion between electrons. The detailed understanding of the characteristics of such a
device is an important step in the development of mesoscopic experiments with surface electrons on liquid
helium3.

1. Kovdrya, Y.Z. (2003). “One-dimensional and zero-dimensional electron systems on liquid helium (Re-
view)”. Low Temperature Physics 29 2

2. Piacente, G. and Peeters E.M (2005). “Pinning and depinning of a classic quasi-one-dimensional Wigner
crystal in the presence of a constriction”. Phys. Rev. B 72 205208

3. Platzman, PM. and Dykman, M.I. (1999). “Quantum Computing with Electrons Floating on Liquid
Helium”. Science 284 1967-1969

Keywords: electrons on helium, point-contact, nano-constriction, Coulomb interaction

Ripplon-phonon interaction in liquid helium governs the mobility
of surface state Electrons

ALl Safonov, I. I. Safonova, and S. S. Demukh

Russian Research Centre Kurchatov Institute, Moscow 123182, Russia

We have shown that, in the 7 approximation, the mobility of the 2D electron system localized above the
surface of superfluid helium is limited by the longitudinal momentum transfer from ripplons to phonons of
liquid helium and rapidly increases at low temperatures as j =~ 8.4 x 10~ 11n,T~20/3 cm*K29/3/(V s), where
n. is the surface electron density, if the pressing electric field £ | (kV/cm), temperature T' (K) and driving-
field frequency w satisfy the relations 72%/3E 7% < 2 x 1077 and w < 10% - T% K~%s~1. These conditions
imply that the driving frequency must be smaller than the ripplon-to-phonon momentum relaxation rate Tgli
and, on the other hand, the electron-to-ripplon relaxation time be much shorter than 7gp multiplied by the
effective mass ratio of electrons and ripplons. In particular, £; ~ 1 kV/cm corresponds to 7' < 70 mK
and w/27 < 30 Hz. Thus, the mobility measurement via the damping of hybrid phonon-ripplon modes
of a Wigner solid? is inapplicable for observing the effect, since the frequencies of these modes lie in the
megahertz range. Measuring the low-frequency longitudinal conductivity of the 2D electron system in the
Corbino geometry® seems more promising.

1. A. L. Safonov, L. I. Safonova and S. S. Demukh, Pis’ma Zh. Eksp. Teor. Fiz. 91, 431 (2010).

2. V. V. Dotsenko, V. E. Sivokon’, Yu. Z. Kovdrya, and V. N. Grigor’ev, Fiz. Nizk. Temp. 23, 1028 (1997)
[Low Temp. Phys. 23, 772 (1997)].

3. K. Kono and K. Shirahama, in Two-Dimensional Electron Systems, ed. E.Y.Andrei (Kluwer Acad. Publ.,
1997), p.p. 175-189.

Keywords: surface-state electrons, superfluid helium, mobility, ripplons, phonons
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Mobility of the electrons over liquid helium and possible formation of autolocalized
state of electron in dense gas

A. Smorodin, V. Nikolaenko, and S. Sokolov

B.Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, Kharkov, Ukraine

We present the results of experimental study of the mobility of surface electrons over liquid helium, localized
in quasi-one-dimensional conducting channels over profiled substrate. The mobility is measured in tempera-
ture range of electron scattering by helium atoms in vapor phase. It is shown that, under temperature increase,
the monotonous decrease of mobility, proportional to helium vapor concentration, is changed by abrupt drop
which we attributed to a possible formation of a surface anion - bubble electron polaron state in dense helium
gas [1]. Temperature of formation of an electron bubble for one-dimensional system seems lower than that
for two-dimensional system. It is experimentally shown that at gradual transition from quasi one-dimensional
system to quasi-two-dimensional the temperature of formation of a bubble moves to higher value. The results
obtained are compared with those on mobility of two-dimensional and three-dimensional electron systems in
helium vapor.

1. V.Shikin, Journal of Low Temperature Physics, Vol. 139, Nos. 5/6, June 2005

Keywords: surface electron, liquid helium, electron bubbles

Phase transitions in 2D electron system over liquid helium

V. E. Syvokon and K. A. Nasyedkin

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, Kharkov, Ukraine

Electrons over liquid helium form a 2D classical system with Coulomb interaction. They can be spatially
ordered, forming electron or Wigner crystal. A possible way to study the system is to measure the com-
plex conductivity of the electron layer, which is different in the ordered and disordered states. One can
observe the melting-crystallization transitions changing the temperature or surface electron density. Besides
the equilibrium melting, a phase transitions induced by electric field in the electron layer plane (dynamic
phase transitions) can be observed. In the present work a transition to a new state in the electron layer over
liquid helium is found. The transition is observed at temperature 7' =~ 0.1 K, which is much lower than the
electron crystal melting temperature (1y,,.;; ~ 0.6 — 0.7 K), as a sharp increasing the real part of the complex
inverse conductivity of the electron layer when the holding electric field is decreasing. The new state can be
destroyed with the high driving field. Probably, the observed state is the 2D electron glass.

Keywords: phase transition, Wigner crystal, liquid helium
INVITED PAPER
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Mass coupling and Q! of impurity-limited normal *He in a torsion pendulum

R.G. Bennett?, A.D. Fefferman®, N. Zhelev?, K.Y. Fangb, J. Pollanen®, P. Sharma®, W.P. Halperinb,
and J.M. Parpia®

“Department of Physics and LASSP, Cornell University, Ithaca NY, 14853, USA
bDepartment of Physics and Astronomy, Northwestern University, Evanston, IL, 60208, USA
“Department of Physics, Royal Holloway, University of London, Egham, Surrey TW20 OEX, UK

We present results of the Q! and period shift, AP, for 3He confined in a 98% nominal open aerogel on
a torsion pendulum. The aerogel is compressed uniaxially by 20% along a direction aligned to the torsion
pendulum axis and was grown within a 400 pm tall pancake similar to an Andronikashvili geometry. The
result is a high @) empty-pendulum able to resolve dissipation and mass coupling of the impurity-limited He
over the whole temperature range. After measuring the empty cell background, we filled the cell above the
critical point and observe a temperature dependent period shift, A P, between 100 mK and 3 mK that is 2.9 %
of the period shift (after filling) at 100 mK. The Q" due to the He decreases monotonically by more than an
order of magnitude between 100 mK and 3 mK at a pressure of 0.1 Bar, in contrast to measurements that show
smaller changes in sound attenuation' over a similar temperature range. We plan to carry out measurements
over the whole pressure range in the normal and superfluid phases. This research was supported by the NSF
under DMR-0806629 (Materials World Network at Cornell) and under DMR-0703656 (at Northwestern).

1. R. Nomura et al “High-Frequency Acoustics of *He in Aerogel”. Physical Review Letters 85 4325, 2000.

Keywords: Impurity limited transport, normal *He

Condensation of “He in Vycor : new hints for the origin of hysteresis
E. Bonnet, M. Melich, L. Guyon, L. Puech, and P. E. Wolf
Institut Néel, CNRS-UJF, Grenoble, France

Despite numerous experiments, the influence of confinement on the liquid-gas phase transition has not yet
been fully elucidated. While the disappearance of the hysteresis loop between condensation and evaporation
below the bulk critical point has often been interpreted as due to a confinement induced shift of the critical
point, recent investigations point to the role of nucleation.

We have used our setup, built for studying helium in aerogel, to study the condensation and evaporation of
helium in Vycor for 17 temperatures from 3 to 5.2 K (T..), with a particular interest in the closure of hysteresis
which is found to occur near 4.6 K (10% below T.). We will describe our results, which take advantage of
high resolution isotherms and optical measurements, and put them in the context of capillary condensation.
We will discuss the competition between nucleation and percolation as evaporation mechanisms. Although
relaxation effects along the hysteresis loop indicate the presence of activated processes, optical measurements
at low temperature (T < 4 K), together with the temperature dependence of the pressure threshold for evapo-
ration suggest that cavitation does not occur in Vycor. We further compare our isotherms with the theoretical
model developed by Saam and Cole and show that they are best fitted by a surface tension which vanishes
at the closure of the hysteresis loop, suggesting that this closure results from the displacement of the critical
point by the confinement. These conclusions are at variance with those recently reached by experiments using
usual fluids confined in other silica porous glasses.

Keywords: phase transition, capillary condensation, confinement
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Mass flux and solid growth in solid *He: 60 mK - 700 mK
R. B. Hallock

University of Massachusetts, Amherst

Keywords: Solid *He
INVITED PAPER

NMR studies of *He droplets in dilute *He-*He solid solutions
C. Huan®?, S. S. Kim®?, L. Yin®?, J. S. Xia®?, D. Candela®, and N. S. Sullivan®®
“Department of Physics, University of Florida, Gainesville, Florida 32611, USA

bMicrokelvin Laboratory, NHMFL, Gainesville, Florida 32611,USA
“Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003,USA

We have performed measurements of the temperature dependence of the nuclear magnetic resonance relax-
ation times for a wide range of 3He concentrations for dilute mixtures of 3He in solid “He. The temperatures
for phase separation are determined for *He concentrations 500 < x3 < 2000 ppm for a molar volume Vs
=20.7 cm®. We also report the temperature dependence of the nuclear spin-lattice relaxation times for *He
in the droplets formed after phase separation at low temperatures. The temperature dependence suggests that
the interface 3He atoms responsible for the relaxation are degenerate, not solid-like.

Keywords: magnetic resonance, phase separation, Fermi droplets
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The ground state energy of *He droplet in the LOCV framework
M. Modarres?, S. Motahari?, and A. Rajabi®

“Physics Department, University of Tehran, North-Kargar Ave., 1439955961, Tehran, Iran.
bPhysics Department, Shahid Rajaei Teacher Training University, 16788, Lavizan, Tehran, Iran.
“Physics Department, Shahid Rajaei Teacher Training University, 16788, Lavizan, Tehran, Iran.

We use the lowest order constrained variational (LOCV) method to calculate the ground state energy of liquid
3He droplet at zero temperature. Different types of density distribution profiles, such as the Gaussian, the
quasi-Gaussian, and the Woods-Saxon are used. It is shown that at least around 69 3He atoms are needed to
get the bound state for the droplet. Depending on the choice of the density profiles and on the atomic radius of
3He, the above estimate can increase up to 396 atoms. Our calculated ground state energy, the radius of liquid
3He droplet, as well as the optimized input profiles, are compared with those of variational Monte Carlo and
parameterized Jastrow correlation function methods, and a resonable agreement is found.

Keywords: 3He liquid droplet, quantum liquid, variational method

Mechanical response of *He films adsorbed on graphite with a quartz tuning fork

F. Nihei, K. Ideura, H. Kobayashi, J. Taniguchi, and M. Suzuki

Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182-
8585, Japan

We carried out 5 MHz AT-cut quartz-crystal microbalance (QCM) experiments for He films adsorbed on
Grafoil (*He/Gr) [1], and found that its sliding friction is significantly small. It is interesting to clarify the
mechanical response of “He/Gr when the external force acting on the films is small. Recently, in order to
reduce this force, we have started a QCM experiment for “He/Gr with a 32 kHz quartz tuning fork, and
have measured the temperature dependence of the resonance frequency for various surface densities. It was
found that the frequency does not decrease monotonously with the surface density, which means that the film
still undergoes partial decoupling. Above 22.9 atoms/nm?, the frequency increases at a certain temperature
Tc in cooling, which corresponds to the superfluid transition temperature measured by a torsional oscillator
by Crowell and Reppy [2]. Between 22.9 and 26.7 atoms/nm?, it was found that the frequency exhibits
hysteresis between warming and cooling and that a part of the film remains decoupled above T in warming.
This suggests that superfluidity changes solidlike layers underneath the superfluid film. This hysteresis smears
out when the surface density increases.

1. N. Hosomii et al., Phys. Rev. B, 75, 064513 (2007), ibid, 79, 172503 (2009).
2. P. A. Crowell and J. D. Reppy, Phys. Rev. B 53, 2701 (1997).

Keywords: *He film, superfluidity, sliding friction
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Density matrix of the system ‘“Bose-liquids + impurities” in the approximation of pair
correlations

G. Panochko and I. Vakarchuk

Department for Theoretical Physics, Ivan Franko National University of Lviv, Ukraine

In the work we consider the movement of a *He impurity atom in the Bose-liquid of *He. The aim of this
study is to explain and predict experimental results for *He—*He mixtures based on the expression for the
density matrix in the approximation of pair correlations:

R(.’L|£C/) = RO(rla ceey I'N|r/17 ceey r;V)Ri(R|R/)6>\O

1 . . ’ — . . ’
X exp Y {Alpr—k = SA2(prpac + piplic) + Ailorce™ T+ plee™ ) 4 X (o™ + pret )} ,
k£0

here R) is the density matrix of ideal Bose-particles, R; is that of an impurity atom, and the remaining factor
takes interaction into account; coefficients A\, Az, \;, A; depend on the absolute value of the wave-vector. The
collective variables py are the Fourier coefficients of the density fluctuations. To obtain the matrix we use an
approach from [1]. The diagonal element of the density matrix integrated over all the variables is the partition
function of the system. This gives a possibility to find the thermodynamic functions of the studied system in
the whole temperature domain.

1. I. O. Vakarchuk, A self-consistent theory of liquid 4He, J. Phys. Stud. 8, 223-240 (2004).

Keywords: density matrix, the collective variables, *He—*He mixtures

The momentum distribution of liquid *He in the extended lowest order constrained
variational framework

A. Rajabi® and M. Modarres®

“Physics Department, Shahid Rajaei Teacher Training University, 16788, Lavizan, Tehran, Iran.
bPhysics Department, University of Tehran, North-Kargar Ave., 1439955961, Tehran, Iran.

We obtain the one-body momentum distribution and the density matrix of normal liquid *He at zero and
finite temperatures from the occupation probability within the Ristig—Clark formalism. We use correlation
functions at zero and finite temperatures derived from the lowest order constrained variational (LOCV) and
the extended LOCV (ELOCV) methods. We analyze the momentum distribution n(k) with respect to the
discontinuity Z, as well as the singular behavior of n(k) at the Fermi surface. In particular, the gap in n(k)
at the Fermi surface is found to be about 0.41 and 0.30 comparing to 1.0 (0.72) for the noninteracting (dilute
hard-sphere) Fermi gas model at zero temperature, and it decreases by increasing the temperature. We also
compare our results with other approaches such as Diffusion and Green’s function Monte Carlo methods, and
we show, that the use of ELOCV correlation functions improves our results.

Keywords: normal liquid *He, momentum distribution, occupation factor, Fermi surface
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Acoustic resonances excited by quartz tuning forks in helium fluids

A. Salmela, J. Tuorinemi, and J. Rysti
Aalto University, Low Temperature, Laboratory, Espoo, Finland

Ordinary quartz tuning fork resonators, operated at about 30 or 200 kHz frequency, couple to acoustic first
and second sound resonances in helium fluids under certain conditions. We have studied acoustic resonances
in supercritical *He, normal and superfluid *He, and in isotopic mixtures of helium. Suggestive temperature,
pressure, and concentration dependencies are given. Furthermore, we propose a thermometric reference point
device based on second sound resonances in helium mixtures, and indicate possible differences in the nature
of second sound resonances in superfluid “He and helium mixtures.

Keywords: Quartz tuning fork, Normal ‘He, Superfluid 4He, Helium mixtures, First sound, Second
sound

Transport in mesoscopic *He films on rough surfaces

P. Sharma®, A. Corcoles?, A. J. Casey®, S. Dimov®, J. Parpia®, B. Cowan®, and J. Saunders®

“Royal Holloway University of London, Egham, Surrey, UK
bLLASSP, Department of Physics, Cornell University, Ithaca, NY, USA

High precision torsional oscillator measurements of the flow of 3He films on a highly polished silver surface
have found decoupling of the film from the oscillator in the normal state[1]. The relaxation rate at low
temperatures varies linearly with temperature. This result is explained by a theory that includes the surface
roughness as a disorder potential [2]. AFM scans of the silver surface used as a direct characterization
of the surface roughness are incorporated as a disorder potential to calculate the relaxation rate with good
agreement to the experimentally observed rate. The anomalous temperature dependence of the relaxation rate
is accounted for by interference between bulk inelastic scattering and weak elastic scattering off the rough
surface. Decorating the substrate with large scatterers restores film-substrate coupling, also consistent with
the theory. Surfaces with theoretically designed roughness are proposed that can be fabricated to enable
coupling. These predictions are especially useful in the context of future experiments of confined 3He in
torsional oscillators in the superfluid state. The results on the nature of quasiparticle scattering at rough
surfaces may also have implications in the understanding of the effects of confinement on superfluid He. This
is also a realization of a mesoscopic system in which the disorder potential is fully characterised, measurable
and tunable.

1. A.Casey, J.Parpia, R.Schanen, B.Cowan and J.Saunders, Phys. Rev. Lett. 92, 255301(2004). 2. A. E.
Meyerovich and A. Stepaniants, J. Phys. Cond. Mat. 12, 5575(2000).

Keywords: surface roughness, confined He, wall scattering
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High energy study of the roton-like mode in liquid *He films

A. Sultan®, H. Godfrin®, H.J. Lauter®, H. Schober?, H. M. B6hm¢, E. Krotscheck®, and M. Panholzer®

“Institut Néel, CNRS et Université Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9, France
bInstitut Laue-Langevin, BP 156, 38042 Grenoble Cedex 9, France
“Institute for Theoretical Physics, Johannes Kepler University, Austria

We report on new inelastic neutron scattering studies of the elementary excitations of a liquid *He monolayer
adsorbed on a *He plated exfoliated graphite substrate. The measurements have been made using higher ener-
gies than in our previous work. The neutron scattering experiments show that the high energy and wavevector
collective excitation branch which reappears at the edge of the lower energy limit of the continuum, remains
well defined at high energies, confirming the existence of this collective “roton-like”” mode. The results agree
well with theoretical calculations presented in this conference.

Keywords: Fermi liquid, He, two-dimensional, zero sound, plasmon, excitations, collective modes

Neutron scattering from cryogenic *He: in critical opalescence
and from surface layers adsorbed on He Il

N.D. Vasilev®, T.R. Charlton®, O. Kirichek®, C.J. Kinane®, R.M. Dagliesh?, A. Ganshin®, S. Langridge®,
and P.V.E. McClintock®

“Physics Department, Lancaster University, Lancaster, UK
bISIS, STFC Rutherford Appleton Laboratory, Harwell Science and Innovation Campus, Didcot, UK
“Laboratory for Elementary Particle Physics, Cornell University, Ithaca, NY, USA

Ongoing neutron scattering experiments from cryogenic *He are described. The first set of experiments
involves small-angle neutron reflection from the liquid surface, opening up new opportunities for studying
surface excitations and interface properties. Neutron scattering from the free surface of a 0.5% solution
of 3He in *He mixtures was measured at 80mK, 300mK, 600mK and 1.9K. The results are compared to a
model that fits well with diffusive interface between the well-known top layer of pure *He and bulk “He
liquid below. Secondly, a new experimental method for the investigation of critical collective excitations in
neutron critical opalescence is described. Transmission data through the *He gas/vapour phase of pure 3He
in the temperature range 1.45 — 50K yielded information about *He gas density. The data demonstrate some
quite unexpected behavior: near the critical temperature (~3K) we observed higher neutron transmission than
would be expected based on the average density of >He atoms. The data are compared with results obtained
by the use of conventional methods. Neutron opalescence provides a promising technique for studying of
quantum fluids under critical conditions.

Keywords: neutron scattering, neutron critical opalescence, quantum gases
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Monte Carlo study of quantum phase diagram of
Rydberg atoms with repulsive 1/r° interaction
G. E. Astrakharchik®, J. Boronat?, O. N. Osychenko®, Yu. E. Lozovik®, and Y. Lutsyshyn®

“Departament de Fisica 1 Enginyeria Nuclear, Campus Nord B4-B5, Universitat Politecnica de Catalunya,
E-08034 Barcelona, Spain
bInstitute of Spectroscopy, 142190 Troitsk, Moscow region, Russia

We study the quantum phase diagram of bosons interacting via repulsive 1/7% potential. The critical density
for zero temperature gas-crystal phase transition is obtained from diffusion Monte Carlo calculations. If
effective mass entering in the kinetic energy were taken to be of the order of the mass of a Rb atom, then the
typical experimental conditions would correspond to being deeply in the phase of a classical crystal. Effects
of the temperature are studied in the classical crystal using classical Monte Carlo method.

Keywords: Rydberg atoms, gas-solid phase transition

Single-site and single-atom resolved imaging of correlated quantum states in optical
lattices

M. Cheneau
Max-Planck-Institut fiir Quantenoptik, Miinchen

Keywords: Quantum gases
INVITED PAPER
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Thermodynamics of strongly interacting Fermi gases

F. Chevy, N. Navon, S. Nascimbene, and C. Salomon
Laboratoire Kastler Brossel, Ecole normale supérieure, Paris, France

Our understanding of most condensed matter phenomena in based on two paradigm: first BCS theory which
explains the onset of superconductivity by the pairing of electrons in weakly bound Cooper pairs, and, second,
Landau’s Fermi liquid theory which describes normal compounds as a nearly ideal Fermi gas of weakly
interacting quasi-particles with renormalized masses.

In this talk, we will demonstrate how the recent study of thermodynamic properties of ultra-cold Fermi gases
has provided a new experimental realization of these two pillars of contemporary physics and we will in
particular show that they provide a comprehensive and quantitatively accurate description of these systems
when interactions, temperature or spin imbalance are varied.

Keywords: cold atoms, quantum gas, Fermi liquid theory, BEC-BCS crossover
INVITED PAPER

On a dynamical self-consistent approach to quantum phase transitions based on the
functional integral formalism.

A. M. Dikandé

Laboratory of Research On Advanced materials and Nonlinear Sciences, Department of Physics, Faculty of
Science, University of Buea PO Box 63 Buea, Cameroon.

Phase transitions in one dimensional systems display complex mechanisms dominated by quantum fluctu-
ations. Recent progress on theoretical approaches to quantum phase transitions has led to a better under-
standing of the role played by the competition between various energy scales responsible for classical and
quantum fluctuations. However, most of these efforts are actually limited to account only qualitatively for
the onset of quantum criticality. In particular, the mechanism by which quantum critical points are stabilized
in composite materials, like electron-phonon systems and binary Bose-Bose or Bose-Fermi liquids, involves
several distinct fluctuating order parameters, interactions of various natures, and distinct competing phases.
Here the classical, self-consistent mean-field approach to Gaussian fluctuations in Ginzburg-Landau theory
for second-order phase transitions is revisited and improved by a full account of the dynamics of the order
parameter(s). The approach is based on a dynamical functional integral formalism that offers means for
exactly evaluating microscopic parameters of the Hubbard-Stratonovich-bearing Ginzburg-Landau-Wilson
energy functional, beyond the most commonly assumed local approximation. Interestingly, this leads to a dy-
namical self-consistent mean-field problem from which a Tc-g phase diagram is derived, suggesting a smooth
onset of the quantum critical point by tuning the quantum critical parameter g.

1. A. M. Dikande, (2009) J. Phys. Soc. Japn. Vol. 78, 094007

Keywords: Quantum fluctuations, functional integral formalism, Holstein model, Charge-density-
wave instability
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Useful quantum states in the presence of classical noise in a Bose Josephson junction

G. Ferrini, D. Spehner, A. Minguzzi, and F.W.J. Hekking

Université Joseph Fourier, Laboratoire de Physique et Modélisation des Mileux Condensés, C.N.R.S. B.P.
166, 38042 Grenoble, France.

We study the dynamical production of quantum states useful for interferometry in a Bose Josephson junction,
in the presence of noise. After a sudden quench, the dynamics is driven by the interatomic interactions,
which lead to the formation of useful entangled states (e.g. squeezed states at short times, macroscopic
superpositions at larger times). Such states can be employed in interferometric applications to overcome
classical limits of precision [1-3]. The presence of noise degrades these useful quantum correlations. In
particular, we consider the effect induced by stochastic fluctuations of the energy of the two-modes [4]. We
study such effect on squeezed states. Then, we address the decoherence of macroscopic superpositions and
show that these latter are quite robust with respect to the noise considered, as the decoherence rate does not
depend on the total number of particles. Finally, we identify the regime of parameters and the optimum time
for the production of useful quantum states by calculating the squeezing and the quantum Fisher information.

1. D.J. Wineland et al., Phys. Rev. A 50, 67 (1994).

2. L. Pezz¢ and A. Smerzi, Phys. Rev. Lett. 102, 100401 (2009).
3. C. Gross et al., Nature 464, 1165 (2010).

4. G. Ferrini et al., arXiv:0911.0655.

Keywords: Bose Josephson, interferometry, macroscopic superpositions, decoherence

Coexistence of positional and superfluid orders in imbalanced Fermi condensates

Y. Hatakeyama and R. Ikeda
Department of Physics, Kyoto University, Kyoto, Japan

The so-called Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state is a possible state with coupled positional and
superfluid orders in population-imbalanced two-component Fermi gas systems. Here, we present another
example of fermionic supersolids in the case with a large population-imbalance. In a Fermi gas with a short-
ranged repulsive interaction, a positional order corresponding to the antiferromagnetic (or SDW) order can
occur in general, while it tends to be suppressed by a Fermi superfluid in population-balanced two component
Fermi systems. However, we show that the coexistence between this "SDW” order and the FFLO superfluid
with s-wave pairing is favored by the population-imbalance. This coexisting phase is the s-wave analog of
the coupled SDW and FFLO orders detected in the d-wave paired superconductor CeColns [1,2].

1. A. D. Bianchi et al., Phys. Rev. Lett. 91, 187004 (2003).
2. R. Ikeda, Y. Hatakeyama, K. Aoyama, arXiv: 1003.0309.

Keywords: FFLO, imbalanced Fermi gas, supersolid
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Particle currents in a fluid—dynamical description of two trapped fermion species

E. S. Hernandez®, P. Capuzzi®, and L. Szybisz®

“Universidad de Buenos Aires and Consejo Nacional de Investigaciones Cientificas y Técnicas, Argentina
®Comisién Nacional de Energia Atémica and Consejo Nacional de Investigaciones Cientificas y Técnicas,
Argentina

A recent generalization of the fluid—dynamical scheme of nuclear physics that includes the pair density and
current of superfluids, when applied to two trapped fermion species with pairing interactions, permits to exam-
ine the dynamical coupling between the normal and the anomalous densities, currents, and their fluctuations.
In this work we concentrate on the particle transition currents of an unpolarized fermion system in a harmonic
trap and establish the velocity portraits of either species for the lowest multipolar excitations. These current
fluctuations are driven by the equilibrium density and gap and by the oscillations in the particle densities. We
analize the velocity patterns according to different choices of the equation of state of the unperturbed fluids
in order to establish the role of the equilibrium gap, in contrast to standard hydrodynamics. We also discuss
the contribution of the density fluctuations to the velocity potential and flow of the superfluid gap.

Keywords: superfluid fermions,fluid—dynamics,particle currents

Extended fluid—dynamics and collective motion of two trapped fermion species with
pairing interactions

E. S. Hernandez®, P. Capuzzi®, and L. Szybisz®

“Universidad de Buenos Aires and Consejo Nacional de Investigaciones Cientificas y Técnicas, Argentina
Comisién Nacional de Energfa Atémica and Consejo Nacional de Investigaciones Cientificas y Técnicas,
Argentina

We extend our earlier fluid—dynamical description of fermion superfluids incorporating the particle energy
flow together with the equation of motion for the internal kinetic energy of the pairs. The formal scheme
combines a set of equations similar to those of classical hydrodynamics with the equations of motion for the
anomalous density and for its related momentum density and kinetic energy density. This dynamical frame
represents a second order truncation of an infinite hierarchy of equations of motion isomorphic to the full time
dependent Hartree—Fock—Bogoliubov equations in coordinate representation. We analyze the equilibrium
solutions and fluctuations for a homogeneous, unpolarized fermion system of two species, and show that
the collective spectrum presents the well-known Anderson—Bogoliubov low energy mode of homogeneous
superfluids and a pairing vibration phonon near the gap energy. We anticipate some results for a harmonically
trapped fermion system.

Keywords: superfluid fermions,collective spectrum,gapped mode
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Stability of a layer of dipolar bosons

D. Hufnagl, R. Kaltseis, and R. E. Zillich
Institut fiir Theoretische Physik, Johannes Kepler Universitit, Altenbergerstr. 69, 4040 Linz, Austria

We present calculations of properties of dipolar Bose gases that are confined in one direction by a harmonic
potential and translationally invariant in the other directions. The dipoles are all polarized in the confinement
direction. This system is of particular interest since the dipole—dipole interaction is not only long-ranged, but
also anisotropic, which leads to phenomena not found for simple contact interactions. In order to stabilize
the system against collapse the dipoles additionally interact via a short ranged repulsive potential. We use
both mean—field and many-body methods to calculate the properties of these systems and to investigate
correlation effects. For the mean—field results we solve the Gross—Pitaevskii equation; the many—body results
are obtained by the hypernetted—chain Euler Lagrange method which is not limited to weakly interacting or
dilute systems but also works for strongly correlated systems. Under certain conditions we find instabilities
of the system. These instabilities lead to a roton—maxon like excitation spectrum. We use the correlated basis
function Brioullin-Wigner method to calculate the dynamic structure function S(k,w) based on the many—
body ground state results, and compare with the excitations obtained in mean-field approximation. Close to
instability S(k,w) exhibits a roton—-maxon spectrum for energies smaller than twice the roton energy, and
strong damping, i.e. excitations with finite lifetime, above that energy. From the many—body calculations we
get strong evidence that the instability is caused by dimer formation, where two dipoles bind together.

Keywords: dipolar quantum gas, strongly correlated quantum gas, quantum phase transition

Counterflow quantum turbulence and the instability in two-component Bose-Einstein
condensates

S. Ishino, H. Takeuchi, and M. Tsubota
Department of Physics, Osaka City University, Sumiyoshi-ku, Osaka 558-8585, Japan

We study the nonlinear dynamics of counter-superflow of two miscible Bose-Einstein condensates (BECs)
and obtain two-component quantum turbulence for the first time. We solve theoretically and numerically the
Gross-Pitaevskii equation in 1D, 2D, and 3D systems subject to the periodic boundary condition and in 1D
trapped systems. The counter-superflow is unstable with a sufficient relative velocity. The instability excites
the waves with some characteristic wave number. The waves grow up to become dark solitons through the
nonlinearity. The dark solitons decay into quantized vortices in 2D and 3D cases. The vortices become
tangled in 3D cases; this is quantum turbulence of two-component BECs. We investigate the dynamics in a
trapped system to confirm that it shows the similar behavior to uniform systems.

Keywords: counter-superflow, quantum turbulence, soliton, Bose-Einstein Condensates
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Two-superfluid model of two-component Bose-Einstein condensates; first sound and
second sound

S. Ishino, H. Takeuchi, and M. Tsubota
Department of Physics, Osaka City University, Sumiyoshi-ku, Osaka 558-8585, Japan

Superfluid *He has been thoroughly studied theoretically and experimentally in the field of low temperature
physics since Kapitsa discovered superfluidity of “He below the transition temperature!. Superfluid *He at
a finite temperature is described by the two-fluid model with the normal fluid component and the superfluid
component. We formulate the two-fluid model for two-component BECs, namely two-superfluid model,
starting from the coupled Gross-Pitaevskii equations. The two-superfluid model well corresponds to the two-
fluid model in superfluid “He. In a special condition, the two sound modes in the two-superfluid model behave
like the first and second sounds in the two-fluid model of superfluid *He.

1. P. L. Kapitza, Nature 141, 74 (1937).

Keywords: two-fluid model, Bose-Einstein Condensates, superfluid He

Analogue of D-branes in Bose-Einstein condensates

K. Kasamatsu®, H. Takeuchi®, M. Nitta¢, and M. Tsubota®

“Department of Physics, Kinki University, Higashi-Osaka, 577-8502, Japan

bDepartment of Physics, Osaka City University, Sumiyoshi-Ku, Osaka 558-8585, Japan

“Department of Physics, and Research and Education Center for Natural Sciences, Keio University, Hiyoshi
4-1-1, Yokohama, Kanagawa 223-8521, Japan

String theory is the most promising candidate for producing a unified theory of the four fundamental forces
of nature. Dirichlet (D-) branes were found as non-perturbative solitonic states of string theory. They are
characterized as hypersurfaces on which open fundamental strings can terminate with the Dirichlet boundary
condition'. D-branes have been the most fundamental tool for studying non-perturbative dynamics in string
theory. However, they are only a theoretical hypothesis. In this study, we demonstrate theoretically that
analogues of D-branes in string theory can be realized in rotating, phase-separated, two-component Bose—
Einstein condensates and that they are observable using existing experimental techniques?. The domain wall
of the two condensates can be identified as a D-brane whose low energy dynamics is described by the Dirac-
Born-Infeld action, where vortex lines identified as fundamental strings are attached to it. This study raises
the possibility of simulating D-branes in the laboratory.

1. J. Polchinski, (1995). Dirichlet Branes and Ramond-Ramond Charges. Phys. Rev. Lett. 75, 4724
2. K. Kasamatsu, H. Takeuchi, M. Nitta, and M. Tsubota, (2010) D-branes in Bose-Einstein condensates,
arXiv:1002.4265.

Keywords: Bose-Einstein condensates, topological defects, solitons, multicomponent condensates
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Soliton and vortex generation in Bose-Einstein condensates under oscillatory excita-
tions

K. Kasamatsu®, M. Kobayashi®, M. Tsubota®, and V. S. Bagnato?

“Department of Physics, Kinki University, Higashi-Osaka, 577-8502, Japan

bDepartment of Pure and Applied Sciences, University of Tokyo, Meguro-ku, Tokyo 153-8902, Japan
“Department of Physics, Osaka City University, Sumiyoshi-Ku, Osaka 558-8585, Japan

dnstituto de Fisica de Sdo Carlos, Universidade de Sdo Paulo, Caixa Postal 369, 13560-970, Sdo Carlos-SP
Brazil

We find novel mechanism of soliton and vortex formation in trapped Bose-Einstein condensates under the ef-
fects of oscillatory excitations consists of the rotating and the center-of-mass motion of the trapping potential,
which has been recently demonstrated experimentally as a route to a realization of quantum turbulence'-2.
We explore the numerical simulation of the dissipative Gross-Pitaevskii equation to reveal the dynamics of
the condensate in an oscillating potential. When the velocity of the condensate exceeds some critical value
at the trap center, the density ripple is excited due to the thermodynamic instability. In the two-dimensional
case, this density ripple develop into the solitonic waves, which subsequently decays into vortices via snake
instability. This is a possible explanation of the vortex creation mechanism observed by Henn et al.':2.

1. E. A. L. Henn, et al. (2009). Phys. Rev. A 79, 043618.
2. E. A. L. Henn, et al. (2009). Phys. Rev. Lett. 103, 045301 (2009).

Keywords: Bose-Einstein condensates, quantized vortices, solitons

Towards quantum magnetism with ultracold atoms

W. Ketterle
MIT-Harvard Center for Ultracold Atoms and Department of Physics, MIT, Cambridge, USA

Over the last 20 years, science with ultracold atoms has focused on motion: slowing down motion, popula-
tion of a single motional state (Bose-Einstein condensation, atom lasers), superfluid motion of bosons and
fermion pairs. In my talk, I will address the next challenge when motion is frozen out: Spin ordering. A two-
component boson or fermion mixture can form magnetic phases such as ferromagnetic, antiferromagnetic
ordering and a spin liquid. The challenge is to reach the low temperature and entropy required to observe
these phenomena. I will describe our current efforts and progress towards this goal. This includes the study
of fermions with strong repulsive interactions where we obtained evidence for a phase transition to itinerant
ferromagnetism, and a new adiabatic gradient demagnetization cooling scheme which has enabled us to re-
alize spin temperatures of less than 50 picokelvin in optical lattices. These are the lowest temperatures ever
measured in any physical system.

Keywords: phase transition, quantum gas, magnetism
INVITED PAPER
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Phase diagrams and collective modes of an imbalanced Fermi gas in 2D
S.N. Klimin, J. Tempere, and J.T. Devreese
TQC, Universiteit Antwerpen, Belgium

We have studied phase diagrams and the spectra of collective excitations for a trapped imbalanced Fermi
gas in 2D with the s-wave pairing at finite temperatures. The treatment of collective modes is performed
within the hydrodynamic approach using Euler and continuity equations. The equations of state for different
phases are simulated by a polytropic law with parameters obtained using a fit to microscopic equilibrium
distributions of the pressure and density. The latter ones are determined within the whole range of the BCS-
BEC crossover using a path-integral description and taking into account fluctuations about the saddle point
[1]. We focus on the case of imbalanced gases: when the number of ‘spin-up’ and ‘spin-down’ fermions that
form the pair is no longer equal. The superfluid-to-normal transition in the trapped Fermi gas is governed by
the Berezinskii-Kosterlitz-Thouless (BKT) mechanism. The collective modes at finite temperatures behave
drastically differently from those in the zero-temperature case. This work was supported by FWO-V projects
G.0356.06, G.0370.09N, G.0180.09N, G.0365.08.

1. J. Tempere, S. N. Klimin, and J. T. Devreese, Phys. Rev. A 79, 053637 (2009)

Keywords: imbalanced Fermi gas, BEC/BCS crossover, Kosterlitz-Thouless transition

Non-abelian vortices in spinor Bose-Einstein condensates
M. Kobayashi®, Y. Kawaguchi®, M. Nitta®, and M. Ueda®

“Department of Basic Sciences, University of Tokyo, Japan
®Department of Physics, University of Tokyo, Japan
“Department of Physics, Keio University, Japan

We investigate collision dynamics of two non-Abelian vortices and find that unlike Abelian vortices, they do
neither reconnect themselves nor pass through each other but create a rung vortex between them. This affords
direct evidence of networking structures among non-Abelian vortices. Our prediction can be substantiated
using the model of the cyclic phase of a spin-2 spinor Bose-Einstein condensate.

Keywords: non-Abelian vortex, spinor Bose-Einstein condensate, cyclic phase
INVITED PAPER
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Phase transition from Bose-Einstein condensate (BEC) to Wigner crystal in two di-
mensional anisotropic trap

A.L Mese®, P. Capuzzi®, S. Aktas?, Z. Akdeniz¢, and S.E. Okan®

“Department of Physics, Trakya University, 22030 Edirne, Turkey
bDepartment of Physics, FCEyN, Universidad de Buenos Aires, RA-1428 Buenos Aires, Argentina
“Physics Department, Piri Reis University, 34940 Tuzla, Istanbul, Turkey

We have investigated the behaviour of strongly-coupled charged bosonic atoms (Rubidium), moving in two
dimensions, and interacting through a repulsive KO(r) potential [1] and held together by an anisotropic
harmonic potential within the variational approximation. We show that the increase of the anisotropy of the
confinement potential can drive the system from a two-dimensional (2D) to a one-dimensional (1D)
configuration. Firstly, we obtain the density profiles [2] and compare with recent experiments [3] and
theorical results [4]. Furthermore, we analyze the stability of the ground state configurations using the
functional form of the inter-particle interaction potential. Secondly, we have found two different analytical
expressions for the coupling constant above the transition from BEC to Wigner Crystal, and shown that they
depend on the anisotropy parameter and particle numbers.

1. Nelson D R and Seung H S, Phys. Rev. B, 39 9153, 1989

2. A. 1. Mese et al., J. Phys.: Condens. Matter 20 , 335222, 2008

3. S. S. Jean and C Guthmann, J. Phys.: Condens. Matter 14 ,13653, 2002

4. S. W. S. Apolinario, B. Partoens, and F. M. Peeters, Physical Review E 72, 046122, 2005

Keywords: Phase transition, Wigner Crystal, Anisotropic Trap

Exact solution of strongly interacting quasi-onedimensional mixture of Bose and Fermi
gases

F. Yiyuan®, P. Vignolo®, C. Miniatura®, and A. Minguzzi®

“Department of Physics, Block S12, Faculty of Science, National University of Singapore, 2 Science Drive
3, Singapore 117542, and Centre for Quantum Technologies, National University of Singapore, S15 03-18, 3
Science Drive 2, Singapore 117543

bInstitut Non Linéaire de Nice, Université de Nice-Sophia Antipolis, CNRS,1361 route des Lucioles, 06560
Valbonne, France

“Université Joseph Fourier, Laboratoire de Physique et Modélisation, des Mileux Condensés, CNRS B.P. 166,
38042 Grenoble, France

The ground state of a mixture of bosons and spin-polarized fermions in a tight atomic waveguide with point
hard-core boson-boson and boson-fermion repulsions has a large degeneracy due to the arbitrariness in fixing
the sign of the many-body wavefunction under exchange of bosons with fermions. Using a generalized
Bose-Fermi mapping we find an exact basis set spanning the degeneracy manifold, the corresponding density
profiles and momentum distributions. The symmetry of the ground state with large but finite interactions is
finally discussed.

Keywords: Bose-Fermi mixtures
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Interference effects in Bose-Einstein condensates at a beam splitter
W. J. Mullin® and F. Lalog’

“Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003 USA
bLaboratoire Kastler Brossel, ENS, UPMC, CNRS; 24 rue Lhomond, 75005 Paris, France

We describe a simple experiment in which two beams of Bose condensates (each described by a Fock state)
impinge on a single beam-splitter. We find surprisingly rich non-classical interference patterns (“population
oscillations”) in the detectors following the beam splitter. These are the generalizations of the two-photon
Hong-Ou-Mandel effect, but here involving much larger numbers of particles. The distributions of particles at
detectors can be understood as resulting from the combination of two effects, the spontaneous phase appearing
during quantum measurement, and the interference between different values of the phase described by a
non-classical variable, the “quantum angle”. It is the quantum angle that is responsible for the “population
oscillations” in the detectors.

Keywords: Bose-Einstein Condensates, cold atoms, interference, phase coherence

Creation of NOON states by double Fock-state Bose-Einstein condensates
W. J. Mullin® and F. Lalog®

“Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003 USA
b Laboratoire Kastler Brossel, ENS, UPMC, CNRS; 24 rue Lhomond, 75005 Paris, France

NOON states (states of the form |N >, |0 >, +|0 >, |N >, where a and b are single particle states) have
been used for predicting violations of hidden-variable theories (Greenberger-Horne-Zeilinger violations) and
are valuable in metrology for precision measurements of phase at the Heisenberg limit. We show theoretically
how the use of two Fock state Bose-Einstein condensates as sources in a modified Mach Zender interferometer
can lead to the creation of the NOON state in which a and b refer to arms of the interferometer and N is the
total number of particles in the two condensates. The modification of the interferometer involves making
“side” measurements of a few particles near the sources. These measurements put the remaining particles
in a superposition of two phase states which are converted into NOON states by a beam splitter. The result
is equivalent to the quantum experiment in which a large molecule passes through two slits. The NOON
states are combined in a final beam splitter and show interference. Attempts to detect through which “slit”
the condensates passed destroys the interference.

Keywords: Bose-Einstein Condensates, cold atoms, interference, NOON states
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Quantum interference of Bose Einstein condensates
W. J. Mullin
Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003 USA

Spontaneous phase symmetry breaking provides a classical field description of Bose-Einstein condensates
(BEC), founded on a diagonal representation in phase states or coherent states. This leads to a description of
classical interference phenomena, but remains unable to depict quantum effects associated with off-diagonal
phase terms BEC in cold gases are more naturally represented by Fock states, having definite particle numbers,
which express the full range of classical and quantum interference phenomena. We outline several thought
experiments involving interferometers that show macroscopic quantum interference. The Hong-Ou-Mandel
effect in a simple beam splitter is generalized to N particles; “population oscillations” demonstrate the results
of interference of phase-state pairs (Schrodinger cats); phase cats impinging on a beam splitter can form
the maximally entangled NOON state; interferometers with two pairs of separated detectors can demonstrate
non-local effects including the violation of Bell inequalities.

Keywords: Bose-Einstein Condensates, cold atoms, interference, phase coherence, Schrodinger cats
INVITED PAPER

Clock shift and interstate coherence of multi-level atoms
A. 1 Safonov?, I. I. Safonova®, and L. S. Yasnikov®

@Russian Research Centre Kurchatov Institute, Moscow 123182, Russia
bTogliatti State University, Togliatti 445667, Russia

We consider a collisional shift of the transition between the internal states |1) and |2) in a cold homogeneous
gas in the presence of |3)-state atoms. In contrast to two-level atoms, the interstate coherence of both bosons
and fermions enters the expression for the contact shift and thus can be probed by spatially homogeneous
excitation. In particular, the measured contact shift in fully incoherent 3D atomic hydrogen! yields the dif-
ference at — ag = 30(5) pm between the triplet and singlet s-wave scattering lengths,? which is a factor of 2
smaller than the previous result! and somewhat lower than the theoretical values. We also discuss the nature
of incoherence and potential effects of inelastic processes and derive the formula for the collisional relaxation
rate. We further suggest that a small yet finite frequency shift of the b — ¢ hyperfine transition in pure b-state
2D hydrogen? is caused by (i) the interaction with residual atoms in the state a not involved in the transition
and (ii) the density-dependent wall shift of the hyperfine constant due to the interaction of adsorbed atoms
with each other.* A related effect, the dynamic shift of the |1) — |2) resonance under the CW excitation of
another |1) — |3) transition can also explain the observed ENDOR spectra of 2D hydrogen.?

1. J. Ahokas, J. Jarvinen, G. V. Shlyapnikov, and S. Vasiliev, Phys. Rev. Lett. 101, 263003 (2009).
2. A. 1. Safonov, I. I. Safonova and I. S. Yasnikov, Phys. Rev. Lett. 104, 099301 (2010).

3. J. Ahokas, J. Jarvinen and S. Vasiliev, J. Low. Temp. Phys. 150, 577 (2007).

4. A. 1. Safonov, I. I. Safonova and I. S. Yasnikov, JETP Lett. 90, 8 (2009).

Keywords: quantum gas, clock shift, cold collisions, coherence, atomic hydrogen
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Dynamical properties of strongly repulsive Fermi gases
M. Sandri®®, A. Minguzzi®, and F. Toigo®

“Laboratoire de Physique et Modélisation des Milieux Condensés,Université Joseph Fourier and C.N.R.S.,
B.P. 166, 38042 Grenoble, France.
bDipartimento di fisica “Galileo Galilei”, Universita di Padova, via Marzolo 8, 35131 Padova, Italy.

We consider a two-component ultracold Fermi gas with repulsive interactions subjected to an external har-
monic confinement. This system is predicted to undergo a ferromagnetic transition if the interaction strength
exceeds a critical value.! We investigate its dynamical properties within the Random-Phase approximations
using a functional-integral formulation.?-3

1. R. A. Duine and A. H. MacDonald, Phys. Rev. Lett. 95, 230403(2005).
2. N. Nagaosa, Quantum Field Theory in Condensed Matter Physics, Springer(1999).
3. G.J. Conduit and B. D. Simons, Phys. Rev. A 79, 053606(2009).

Keywords: Itinerant ferromagnetism, Fermi gases

One-dimensional Bose fluid stirred on a ring trap

C. Schenke, A. Minguzzi, and F. W. J. Hekking

Laboratoire de Physique et Modelisation des Mileux Condenses, C.N.R.S. B.P. 166, Universite Joseph Fourier,
38042 Grenoble, France

We consider an interacting quasi-1D Bose fluid confined on a ring trap. We study the dynamical properties
of the fluid induced by a moving barrier-potential as a probe of imperfect superfluid behavior of the 1D Bose
system [1]. We consider a delta-function barrier, and focus first on noninteracting bosons. We provide an
exact solution for the dynamical evolution for any state at all times and for arbitrary velocity of the barrier.
Using a proper fermionization scheme, these results are generalized in order to address the Tonks-Girardeau
limit of impenetrable bosons.

[1] R. Citro, A. Minguzzi, and F.W.J. Hekking, Phys. Rev. B 79, 172505 (2009).
Keywords: 1D-systems, quantum fluids, Tonks Girardeau
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Ground-state properties of small mixed helium and spin-polarized tritium clusters

P. Stipanovic®, L. Vranjes Markic?, and J. Boronat?

“Faculty of Science, University of Split, HR-21000 Split, Croatia
®Departament de Fisica i Enginyeria Nuclear, Campus Nord B4-B5, Universitat Politecnica de Catalunya,
E-08034 Barcelona, Spain

We report the results on the ground-state energy and structural properties of small *He,,,(T),, clusters con-
sisting of up to 4 T| and 8 *He atoms. Their small mass and weak attractive parts of interaction potentials
makes them very weakly bound, with some at the limits of stability. The smallest bound clusters can be
classified as quantum halos, as a consequence of their large spatial extent.

Our results have been obtained using very well know “He-*He and T|-T| interaction potentials. Since several
4He-T| interatomic potentials appear in the literature, the effects of the chosen form on both energy and struc-
tural properties have been thoroughly investigated. All calculations have been performed using variational
and diffusion Monte Carlo methods.

Present calculations for *He,,,(T),, are compared with existing results for *He,,,>He,, because both types of
clusters have essentially the same mass, but differ in the interaction potentials and the statistics.

Keywords: small mixed clusters, ground-state energy, structural properties, helium, spin-polarized
tritium

Vortex formations from domain wall annihilations in two-component Bose-Einstein
condensates

H. Takeuchi?, K. Kasamatsu®, M. Nitta®, and M. Tsubota®

“Department of Physics, Osaka City University, Sumiyoshi-Ku, Osaka 558-8585, Japan

®Department of Physics, Kinki University, Higashi-Osaka, Osaka 577-8502, Japan

“Department of Physics, and Research and Education Center for Natural Sciences, Keio University, Hiyoshi
4-1-1, Yokohama, Kanagawa 223-8521, Japan

Topological defects or solitons appear not only in condensed matter physics but also in cosmology and high-
energy physics. It is interesting to connect the physical phenomena of topological defects in the former
systems to those in cosmology or high-energy physics':2. Atomic-gas Bose-Einstein condensates (BEC) are
ideal systems for testing the physics of topological defects in theoretical and experimental aspects. In this
work, we theoretically study the vortex formation from the collision of the domain walls in phase-separated
two-component Bose-Einstein condensates. The collision process can mimic the tachyon condensation for
the annihilation of D-brane and anti-D-brane in string theory3. The vortices can be nucleated by the snake in-
stability, which occurs when the domain wall and anti-domain wall are close to each other. A pair annihilation
leaves the quantized vortices with superflow along their core, namely superflowing cosmic strings.

1. Topological Defects and the Non-Equilibrium Dynamics of Symmetry Breaking Phase Transitions, ed. Y.
M. Bunkov and H. Godfrin (Kluwer Academic, Dordrecht, 2000) NATO Science Series C 549.

2. G. E. Volovik, The Universe in a Helium Droplet (Clarendon Press, Oxford, 2003).

3. Ashoke Sen, Int. J. Mod. Phys. A 20, 5513 (2005).

Keywords: D-brane, QFS model systems for Astrophysics
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Probing polaron physics with impurities in a condensate

J. Tempere, W. Casteels, and J.T. Devreese
TQC, Universiteit Antwerpen, Belgium

The generic problem of a particle coupled to a bath of bosons is known as a polaron in the context of an elec-
tron coupled to lattice vibrations. Ever since the pioneering work of Landau it has been studied in great detail,
but nevertheless a full analytical solution (for eg. response properties) remains elusive in the nonperturbative
regime. Moreover, no material has thusfar been found in which this strong coupling regime is realized for the
electron-phonon system. In this contribution, we investigate whether impurities in a condensate can be used
as an experimental testbed for polaron theory. We show that the system can be mapped onto a polaron Hamil-
tonian where the Bogoliubov excitations take on the role of the phonons. The Jensen-Feynman variational
path-integral method is used to calculate static thermodynamic properties for the “impurity-BEC” polaron [1].
We identify a dimensionless coupling parameter as a function of which the system undergoes a transition to
a strong coupling regime, characterized by a large effective mass and a strong self-induced potential. Exper-
imental conditions necessary to reach this regime are discussed and applied to the case of a lithium impurity
in a sodium condensate. This work was supported by FWO-V projects G.0356.06, G.0370.09N, G.0180.09N,
G.0365.08.

1. J. Tempere, W. Casteels, M.K. Oberthaler, S. Knoop, E. Timmermans, and J. T. Devreese, Physical Review
B 80, 184504 (2009).

Keywords: Bose condensate, polarons, impurity in a condensate, strong coupling physics

Magnetic resonance study of high density atomic hydrogen gas

S. Vasiliev

Wihuri Physical Laboratory, Department of Physics and Astronomy, University of Turku, 20014 Turku, Fin-
land

We report on experimental study of high density atomic hydrogen gas at T<0.5 K in a strong magnetic
field of 4.6 T by means of magnetic resonance methods: ESR, NMR, and double resonance. The gas is
hydraulically compressed to densities in the range 10> — 5 x 10'® cm~3, covering the collisionless and
hydrodynamic regimes. We present new data on the clock shift in both regimes. Our results for the interstate
shift caused by the atoms of the third hyperfine state agree qualitatively with the theory!. The intrastate
shift, for the H gas consisting of only one hyperfine state, is vanishingly small in the hydrodynamic regime,
which was explained by the coherent properties of colliding atoms'. In the low density collisionless regime
and found that the shift increased considerably due to the loss of coherence in collisions with the walls. At
densities exceeding 5 x 10'® cm~3 ESR spectra are strongly distorted by the electron spin waves, which
at certain values of magnetic field gradient collapse into a very sharp and intensive peak. We consider a
possibility of macroscopic occupation of the ground state of magnons ("magnons BEC”) in the trap created
by the magnetic field and the walls of the container. In double resonance experiments we realized coherent
two-photon electron and nuclear spin transitions, and observed an electromagnetically induced transparency
effect, when the ESR absorption is fully suppressed under the resonant NMR excitation.

1. J. Ahokas, J. Jarvinen, G. V. Shlyapnikov, and S. Vasiliev, Phys. Rev. Lett., 101, 263003 (2008), and 104,
099302 (2010).

Keywords: clock shift, BEC, Electron-Spin Resonance, magnons
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Magnetic field dependence of internal Josephson effects in spinor dipolar Bose—Einstein
condensates

M. Yasunaga and M. Tsubota
Department of Physics, Osaka City University, Japan

We numerically study internal Josephson effects in spinor dipolar Bose—FEinstein condensates by calculating
Josephson equations derived by spin-1 Gross—Pitaevskii equations with magnetic dipole-dipole interactions.
Considering analogy with dynamics of interacting two nonrigid pendulums, we obtain the several modes of
the Josephson currents !. In this study, especially, magnetic field dependence is investigated on the Josephson
effects. The magnetic field mimics external voltage in Josephson junctions, affecting the frequency and ampli-
tude of the Josephson oscillations. Moreover, the dynamics represents chaotic properties under oscillational
magnetic fields. We will report details of the study in our poster.

1. Yasunaga, M. and Tsubota, M., Phys. Rev. A 81, 023624 (2010).

Keywords: Josephson effects, quantum gases

Dipolar Bose gas in 2D with tilted polarization
R. E. Zillich?, D. Hufnagl®, A. Macia®, and F. Mazzanti®

“Institut fiir Theoretische Physik, Johannes Kepler Universitit, 4040 Linz, Austria
®Departament de Fisica i Enginyeria Nuclear, Universitat Politécnica de Catalunya, Barcelona, Spain

Dipolar Bose gases confined to two dimensions have been proposed be used to generate a self-assembled
lattice. Here we study a 2D dipolar Bose gas in the regime of strong correlations and where the polarization
direction is tilted with respect to the confinement plane. Tilting the polarization direction leads to a weakening
of the dipolar repulsion in the tilt direction, hence to an anisotropic, homogeneous quantum gas. We use
the hyper-netted chain Euler-Lagrange method and diffusion Monte Carlo simulations to study ground state
energy and the anisotropic pair distribution. We find a tendency of the quantum gas to establish long-range
order in the strongly interacing direction at high density, and we discuss the consequences of this anisotropy
for crystalization.

Keywords: dipolar quantum gas, strongly correlated quantum gas, quantum phase transition
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Superfluidity and vortices in exciton-polariton condensates

N. G. Berloff
DAMTP, CMS, University of Cambridge

Keywords: Exciton polaritons, superfluidity
INVITED PAPER

Exciton polaritons in semiconductors: toward new frontiers of Bose quantum degen-
eracy

Le Si Dang
Institut Néel, CNRS Grenoble

Keywords: Exciton polaritons, BEC
INVITED PAPER
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The quest for Bose-Einstein condensation in solid *He

S. Diallo®, R.T. Azuah®, and H.R. Glyde®

“QOak Ridge National Laboratory, Oak Ridge, Tennessee, USA
bNIST Center for Neutron Research
“University of Delaware

Ever since the seminal torsional oscillator (T-O) measurements [1,2] of Kim and Chan which suggested the
existence of a phase transition in solid *He, from normal to a ‘supersolid’ state below a critical tempera-
ture T, = 200 meV, there has been an unprecedented amount of excitement and research activity aimed at
better understanding this putative phase of matter. Despite much work, this remarkable phase has yet to be
independently and unquestionably verified by conventional scattering techniques, such as neutron or X-ray
scattering, as is commonly the case in phase transition characterizations. We have carried out a series of
neutron scattering measurements, which we here review, aimed at directly observing Bose-Einstein conden-
sation (BEC) in solid “*He at temperatures below 7. In bulk liquid “*He, the appearance of BEC below T
signals the onset of superfluidity. Assuming that superflow in the solid is of the same nature as in superfluid
“He, the observation of a condensate fraction in the solid would provide an unambiguous confirmation for
‘supersolidity’. Although our measurements (to date) have not yet revealed a non-zero condensate fraction or
algebraic off diagonal long-range order ng in solid helium down to 65 mK, we have established a lower limit
for ng, ng < 0.3%. Our search for BEC in solid helium continues with improved instrumentation.

1. E. Kim and M.H.W. Chan, Nature (London) 427, 225, (2004).
2. E. Kim and M.H.W. Chan, Science 305, 5692, (2004).

Keywords: Neutron scattering, Bose-Einstein condensation

Bose-Einstein condensation of magnons in rotating superfluid *He B

P. Hungerb, P.J. Heikkinen?, R. de Graaf?, J. J. Hosio%, Yu. M. Bunkov®, V. B. Eltsov?®, M. Krusius?,
and G. E. Volovik®

“Low Temperature Laboratory, School of Science and Technology, Aalto University, Finland
bInstitut Néel, CNRS and Université Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9, France

At ultra low temperatures (below 0.4 T.), it is possible to create a Bose-Einstein condensate of magnons in
superfluid He-B*. Due to the attractive interaction between magnons, the BEC can only exist in a trap, which
in our case is provided by the texture of the orbital part of superfluid helium order parameter and a minimum
in the polarizing magnetic field. Both features of the trap can be controlled, either by rotating the cryostat or
tuning the magnetic field. In this way, the spectrum wy,, = Wrarmor + wr(Mm + 1) + w,(n + %) can be traced
out and investigated. Using continuous wave NMR, it is possible to create a magnon BEC in the ground state
of the trap. In this state, the number of excitations in the trap depends only on the excitation frequency which
is the exact equivalent of the chemical potential for a BEC of real particles. After switching off the pumping,
this state precesses coherently for about one second. Using the proper frequency, it is also possible to create a
magnon BEC in any of the excited states. In particular, the influence of the texture on the excitation spectrum
can be studied. The sensitivity of the magnon BEC to textural effects suggests it could be used as a new ultra
low temperature probe for vortices in superfluid >He-B. We also studied the relaxation of the excited states to
the ground state, with and without external pumping.

1. Bunkov, Yu. M. and Volovik, G. E. (2010) J. Phys.: Condens. Matter 22 164210; arXiv:1003.4889.
Keywords: superfluid He, BEC of excitations, NMR
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Bose-Einstein condensation of rotons revisited

L. Melnikovsky
Kapitza Institute for Physical Problems, Moscow, Russia

Possibility for the Bose-Einstein condensation of rotons in helium was first considered® 30 years ago. It was
shown that the relative velocity of the normal motion (v,, — vs) in this state must be equal to the Landau
critical velocity. We investigate if the condensation can be attained at lower velocity and find the conditions
of this transition.

1. S.V. Iordanski and L.P. Pitaevski, “Bose condensation of moving rotons” Sov. Phys. Usp. 23 317
(1980).

Keywords: superfluid helium 4, rotons, BEC

Magnetic Bose glass in model magnets with static doping
T. Roscilde?, R. Yu®, and S. Haas®

¢Laboratoire de Physique, Ecole Normale Supérieure de Lyon, Lyon, France.
bRice University, Houston, TX, U.S.A.
“University of Southern California, Los Angeles, CA, U.S.A.

We theoretically investigate the effect of geometric disorder on a paradigmatic quantum phase transition in
magnetic systems, namely the antiferromagnetic transition induced in spin-gap antiferromagnetic insulators
by the application of a magnetic field. This transition is equivalent to Bose-Einstein condensation (BEC) of a
grand-canonical gas of interacting magnetic quasiparticles, induced in the ground state by the applied field.!
Doping the magnetic insulators leads to disorder either in the magnetic lattice (site dilution) or in the mag-
netic couplings (bond disorder), and it allows to investigate the insulator-to-superfluid transition of strongly
interacting bosons in presence of controlled disorder in the grand-canonical ensemble. We will present our
recent progresses in the simulation of the magnetic Hamiltonian of Nickel-Tetrakis thiourea (DTN), a model
S = 1 compound which represents a paradigmatic example of magnetic BEC.2 We will consider both the
case of site dilution and bond disorder, showing how a novel quantum paramagnetic phase, the magnetic
Bose glass, emerges in both cases over a broad field and temperature range, and discussing its main signa-
tures on the magnetic behavior at finite temperatures.? Finally we will present a direct comparison with the
first experimental results on Cd- and Br-doped DTN.

1. T. Giamarchi et al, Nature Phys. 4, 198 (2008); 2. L. Yin et al., Phys. Rev. Lett., 101, 187205 (2008);
3. R. Yu, S. Haas, and T. Roscilde. Europhys. Lett. 89, 10009 (2010); R. Yu, S. Haas, and T. Roscilde, in
preparation.

Keywords: quantum phase transitions, Bose glass, Anderson localization
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Bose-Einstein condensates of magnons in superfluid *He-B and symmetry breaking
fields

P. Skyba
Institute of Experimental Physics SAS, KoSice

Keywords: BEC, *He
INVITED PAPER

BEC of non-equilibrium quasiparticles in *He and beyond
G. E. Volovik

Low Temperature Laboratory, Aalto University, P.O. Box 15100, FI-00076 AALTO, Finland
Landau Institute for Theoretical Physics RAS, Kosygina 2, 119334 Moscow, Russia

Bose-Einstein condensation (BEC) of excitations (or quasiparticles) whose number is not conserved is presently
one of the debated phenomena of condensed matter physics. In thermal equilibrium the chemical potential
of excitations (phonons, excitons, polaritons, magnons, etc.) vanishes and, as a result, their condensate
cannot not form as an equilibrium state. BEC of excitations may exist only as a dynamic non-equilibrium
phenomenon, when the condensate is either decaying with time, or persists as a steady state in which the
decay of excitations is compensated by continuous pumping of new excitations. For magnetic excitations
— magnons — the dynamic BEC is manifested as the spontaneous phase-coherent precession of spins. The
magnon BEC was first discovered in 1984 in superfluid *He-B and later observed in other systems. Magnon
BEC is accompanied by superfluidity of magnons, and since each magnon carries spin s, = —1, this is
spin superfluidity. We discuss different phases of magnon BEC (including those formed in magnetic traps),
the observed signatures of spin superfluidity: (i) spin supercurrent, which transports the magnetization over
a macroscopic distance more than 1 cm long; (ii) spin current Josephson effect which shows interference
between two condensates; (iii) spin current vortex — a topological defect which is an analog of a quantized
vortex in superfluids and an Abrikosov vortex in superconductors; (iv) Goldstone modes related to the broken
U(1) symmetry, which are analogous to sound waves in atomic BEC; etc., and specific properties of BEC of
excitations which have no analogs in atomic BEC.

Yu.M. Bunkov & G.E. Volovik, Spin superfluidity & magnon Bose-Einstein condensation, arXiv:1003.4889.
Keywords: BEC of quasiparticles, magnon BEC, spin superfluidity, coherent precession
INVITED PAPER
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Excitations and characterization of quantum turbulence in an atomic superfluid

V.S. Bagnato
Instituo de Fisica de Sao Carlos — Univeristy of S. Paulo Sdo Carlos — SP - Brazil

(Work done in collaboration with the following students and PD: E. Henn, J. Seman, P. Castilho, G. Roati,

K. Magalhaes, R. Shiozaki, E. Ramos, M. Caracanhas, C. Castelo-Branco, P. Tavares , G. Bagnato, F. Jack-
son, F. Poveda, G. Telles, and the participation of external collaborators: A. Fetter, V. Yukalov , V. Romero-
Rochin, M. Kobayashi, K. Kasamatsu and M. Tsubota)
In this work we review our technique to generate turbulence in a BEC, where a perturbation in the trapping
potential produces displacement, rotation and deformation of the atomic cloud. The generation of quantized
vortices is investigated as a function of the amplitude of oscillation as well as time of excitation. The results
allow the construction of a diagram for stable structures justified based on numerical simulations using the
Gross-Pitaevskii equation. The necessity of having the presence of dissipation is obtained during the nu-
merical simulation. Hydrodynamic considerations allow us to understand the occurrence of an anomalous
expansion behavior for the cloud within the urbulent regime. Concepts of thermodynamic are applied to un-
derstand the variation of pressure during the occurrence of turbulence in the condensate. The existence of a
critical number of vortices as a threshold for turbulence is also discussed. (Experimental part with Financial
support from FAPESP and CNPq — Brazilian agencies) .

Keywords: phase transition, quantum gas, magnetism
INVITED PAPER

Decay of vortex monopoles and dipoles in trapped finite temperature Bose-Einstein
condensates

A. S. Bradley?, S. J. Rooney?, P. B. Blakie?, T. W. Neelyb, E. C. Samson®, and B. P. Anderson®

@Jack Dodd Centre for Quantum Technology, Department of Physics, University of Otago, Post Office Box
56, Dunedin, New Zealand
bCollege of Optical Sciences, University of Arizona, Tucson, Arizona 85721, USA

Quantitive modeling of dissipative motion for quantum vortices in Bose-Einstein condensates has remained
challenging, despite the relative simplicity of the theoretical framework for the system. Nonlinearity, dissi-
pation, and thermal fluctuations all have a vital role to play in determining the vortex motion. We apply the
stochastic projected Gross-Pitaevskii equation! (SPGPE) to the problem of dissipation of both lone vortices?
and vortex-antivortex pairs® (vortex dipoles) in trapped, finite temperature, Bose-Einstein condensates. The
SPGPE theory is shown to give a significantly faster damping rate for a lone vortex than either the damped
GPE, or the PGPE. We also carry out quantitative simulations of the decay of a metastable vortex dipole, and
our results are in good agreement with recent observations.

1. P. B. Blakie, A. S. Bradley, M. J. Davis, R. J. Ballagh, C. W. Gardiner, “Dynamics and statistical mechanics
of ultra-cold Bose gases using c-field techniques”, Adv. Phys. 57, 363 (2003).

2. S.J. Rooney, A. S. Bradley, P. B. Blakie, “Decay of a quantum vortex: Test of nonequilibrium theories for
warm Bose-Einstein condensates”, Phys. Rev. A 81 023630 (2010).

3. T. W. Neely, E. C. Samson, A. S. Bradley, M. J. Davis, B. P. Anderson, “Observation of Vortex Dipoles in
an Oblate Bose-Einstein Condensate ”, Phys. Rev. A 81 023630 (2010).

Keywords: quantum vortex, dissipation, stochastic Gross-Pitaevskii, finite temperature
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Dissipation in vortex dynamics in superfluid *He-B at low temperatures

V.B. Eltsov, R. de Graaf, P.J. Heikkinen, J. Hosio, and M. Krusius
Low Temperature Laboratory, Aalto University, Espoo, Finland

In superfluid ®He the dynamics of quantized vortices is closely related to the structure of their cores. This
is because in Fermi systems mutual friction between the normal and superfluid components results from the
interaction of thermal quasiparticles in the bulk with those bound to vortex cores. We review the structure of
quantized vortices in the B phase of superfluid He and the origin of the strongly temperature-dependent mu-
tual friction, which leads to the laminar vortex dynamics at higher temperatures and to the turbulent dynamics
at low temperatures. Even in the turbulent regime with vanishing mutual friction the core-bound quasiparti-
cles are expected to play an important role in the termination of the Kelvin-wave energy cascade and in the
loss of energy due to vortex reconnections — the two suggested mechanisms for zero-temperature dissipation
in superfluids.

We report on the first experimental observation of the quasiparticles generated as a result of dissipation in
turbulent vortex motion in *He-B at 0.2 T,.. We study the spin-up of the initially vortex-free and thus stationary
superfluid component in a rotating cylindrical sample of 3He-B through the propagation of turbulent vortex
front along the axis of the cylinder. The axial motion and the azimuthal precession of the front are observed
using NMR techniques. For thermal measurements the sample is embedded in a black-body radiator with
a pinhole of 0.3 mm diameter. Two quartz tuning forks are used as detector of quasiparticle density and
as heater for calibration purposes. The sensitivity of the measurements is better than 0.1 pW. We find that
the total heat release is close to the kinetic energy stored in the original metastable state. Observation of
time-resolved features is also possible.

Keywords: superfluid He-B, core-bound quasiparticles, quantum turbulence, dissipation in zero-
temperature limit

INVITED PAPER

Experiments on quantum vortices in superfluid >He-B in the T~0 limit
S. N. Fisher

Lancaster University

Keywords: Vortices
INVITED PAPER
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Visualization of quantized vortex dynamics using ice nanoparticles

E. Fonda?, K. T. Gaff®, M. S. Paoletti®, M. E. Fisher®, K. R. Sreenivasan¢, and D. P. Lathropb

“University of Trieste, Italy - University of Maryland, College Park, USA
®University of Maryland, College Park, USA
“New York University, USA

We study the dynamics of quantized vortices and quantum turbulence utilizing a particle tracking visualization
technique. This is accomplished using sub-micron and micron-sized hydrogen or atmospheric ice particles
! injected into He* flows. Using this technique we have observed and characterized the reconnection of
quantized vortices, thermal counterflows, and have observed a clear distinction between classical and quantum
turbulence. We present the latest developments of this technique: the production and use of nano-particle ice.
These sub-micron particles are superior to larger particles in a number of ways. In particular, being less
affected by Stokes drag, they stay trapped on faster moving vortices and remain trapped closer to the lambda
transition. Using these, we have made preliminary observations of counterflows that could shed light on the
particle-vortex interaction mechanism and the dynamics of vortex arrays close to solid body rotation.

1. References can be found at http://complex.umd.edu

Keywords: quantum vortices, quantum turbulence, counterflow, reconnection, visualization

Dynamics of vortices and solitons in Bose-Einstein condensates by an oscillating po-
tential

K. Fujimoto and M. Tsubota
Department of Physics, Osaka City University, Sumiyoshi-ku, Osaka 558-8585, Japan

We study hydrodynamic instability by an oscillating potential in a trapped Bose-Einstein condensate. Our
numerical calculations of the two-dimensional Gross-Pitaevskii model show the phenomena characteristic of
the oscillation, not observed in a uniform motion of potential. The oscillating potential makes the topological
defects, namely quantized vortices and solitons, which interchange with each other through direct and inverse
sneak instability. This research opens a new field of synergy dynamics between vortices and solitons. We
also discuss vortex nucleation by an oscillating potential.

Keywords: Bose-Einstein condensate, an oscillating potential, sneak instability, topological defect
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Vortex-induced dissipation in current-biased superconducting nanowires

M. J. Graf?, L. N. Bulaevskii?, C. D. Batista®, and V. G. Koganb

%Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico, USA
®Department of Physics, Ames Laboratory and ITowa State University, Ames, Iowa, USA

We present results on dissipation from vortex motion in current-biased superconducting thin-film nanowires.
Our studies extend the theory of transition rates between metastable states in superconductors, first described
in the seminal papers by Langer and Ambegaokar [1] and McCumber and Halperin [2], from quasi-1D to
quasi-2D wires. We find for nanowires of thickness d and width w with Pearl length A = 2)? /d much larger
than coherence length £ and penetration depth A (A > w > £ ~ d) that every crossing of a vortex results in
a detectable voltage pulse. We account for the renormaliztion of the vortex crossing rate by superconducting
fluctuations and estimate the amplitude of voltage pulses and their respective I-V characteristics. Our results
show that fluctuations in quasi-2D superconducting nanowires are the dominant process for a significant
increase in vortex crossings across the wire and responsible for increased dissipation. Finally, we discuss the
impact of vortex-induced dissipation on dark counts in superconducting nanowire single-photon detectors,
where unwanted dark counts limit the performance of detection.

1. J.S. Langer and V. Ambegaokar, Phys. Rev. 164, 498 (1967). Intrinsic Resistive Transition in Narrow
Superconducting Channels”.

2. D.E. McCumber and B.I. Halperin, Phys. Rev. B 3, 1054 (1970). “Time Scale of Intrinsic Resistive
Fluctuations in Thin Superconducting Wires”.

Keywords: vortex motion, dissipation, fluctuations, dark counts, single photon detector

Slow vortex rings

J.L. Helm, A.J. Youd, and C.F. Barenghi

School of Mathematics and Statistics, Newcastle University,
Newcastle upon Tyne, NE1 7RU, United Kingdom

It has been known since the times of Lord Kelvin [1] that a vortex ring is subject to wavy distortions called
Kelvin waves. Few years ago, using the Local Induction Approximation [2] and the Biot-Savart law [3], it
became apparent that Kelvin waves of finite amplitude A slow down the translational velocity of a vortex
ring of radius R. In this work [4] we generalise previous results [3]. Using Gross-Pitaevskii’s Non Linear
Schrodinger Equation, we determine the speed of a vortex ring disturbed by Kelvin waves of azimuthal
wavenumber m and relative amplitude A/R. We find that at increasing values of A/R the velocity of the
vortex ring slows down, until A/R is so large that the ring stops and even moves backward. We also find that
the effect depends on the perturbations being helical rather than planer.

1. W. Thomson, Phil. Mag. 10, 155 (1880); J.J. Thomson, A Treatise on the Motion of Vortex Rings,
Macmillan, London (1883); H.C. Pocklington, Philos. Trans. R. Soc. London Ser. A 186 603 (1895).

2. L. Kiknadze and Y. Mamaladze, J. Low Temp. Phys. 124, 321 (2002).

3. C.F. Barenghi, R. Hénninen and M. Tsubota, Phys. Rev. E 74, 046303 (2006).

4. J.L. Helm, A.J. Youd and C.F. Barenghi, submitted.

Keywords: vortex ring, Kelvin waves, Gross Pitaevskii equation
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Andreev reflection from rectilinear vortices in rotating *He-B

J. Hosio%, V.B. Eltsov®, R. de Graaf®, M. Krusius?, J. Mikinen?, and D. Schmoranzer?

“Low Temperature Laboratory, Aalto University, School of Science and Technology, Espoo, Finland
bFaculty of Mathematics and Physics, Charles University, Prague, Czech Rebublic

At very low temperatures, in the ballistic regime of transport, the collisions between the elementary excita-
tions of *He-B, quasiparticles and quasiholes, can be neglected. The rotatory flow associated with quantized
vortices, however, can constrain their trajectories. In the condensate rest frame the dispersion curve of ex-
citations is symmetrical. In the presence of superfluid flow with velocity v excitations with momentum p
undergo the Galilean transformation £ — E + p - v. Thus, an excitation propagating through the superfluid
flow field may not find a forward-propagating state and therefore retraces its trajectory and changes flavor
from quasiparticle to quasihole. This mechanism is called Andreev reflection.’

We have measured Andreev reflection of quasiparticles from a cluster of rectilinear vortex lines in the rotating
state using quartz tuning fork oscillators. These are the first direct measurements of Andreev scattering from a
well-defined vortex configuration with a known density and spatial extent. Our measurements at 7' = 0.207
with rotation velocities up to {2 = 17 rad/s show that the fraction of the retro-reflected quasiparticles decreases
linearly as a function of ) or the density of vortices in the cluster. The results can be compared to direct
analytic calculations,? in order to refine quasiparticle beam techniques for the visualization of different vortex
configurations and measuring their densities.

1. D.I. Bradley et al., PRL 93, 235302 (2004).
2. C.F. Barenghi, Y.A. Sergeev, and N. Suramlishvili, Phys. Rev. B 77, 104512 (2008).

Keywords: superfluid 2He-B, Andreev reflection, rotating flow, vortices

Classification of topological excitations with influence of vortices

S. Kobayashi®, M. Kobayashi®, Y. Kawaguchi®, M. Nitta®, and M. Ueda®

“Depertment of Physics, University of Tokyo, Japan
®Department of Basic Science, University of Tokyo, Japan
“Department of Physics, Keio University, Japan

Classification of topological excitations is helpfull to understand what kind of topological excitations exist in
ordered systems. In many cases, topological excitations are classified by homotopy theory, i.e., topological
excitations are distinguished by mapping of n-dimensional sphere in real space to order parameter space’.
However, monopoles in a nematic liquid crystal cannot be classified by the conventional homotopy theory in
the presence of vortices', because the topological invariants defined by the conventional homotopy theory to
the influence of a vortex. In this work, we propose the new invariants to describe the influence of two types
of topological excitations by using Abe homotopy? and Fox homotopy?, in which we consider a mapping of
n-dimensional pinched torus.

We show a few applications of these homotopy groups in some ordered systems and explain the systematic
method to calculate the influence on topological excitations.

1.N. D. Mermin, Rev. Mod. Phys. 51 591 (1979)
2.M. Abe, Jap. J. Math 16 179 (1940)
3.R. H. Fox, Ann. of Math. 49 471 (1947)

Keywords: topological excitations, quantum vortices, topology
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Cold atoms trapping via helical interference patterns of the phase-conjugated Laguerre-
Gaussian beams.

A.Yu. Okulov

General Physics Institute of Russian Academy of Sciences, Vavilova str. 38, 119991, Moscow, Russia

The macroscopic wavefunction for ultracold atoms W trapped in the interference pattern composed of the
counter-propagating Laguerre-Gaussian beams (LG) with amplitudes E ;) detuned by dw = (wy — wy)
is considered. In contrast to conventional quasi-1D optical lattices [1] the helical geometry of trapping is
essentially three-dimensional. It is known that a sinusoidal optical lattice of the period /2 composed of a
two contradirectional zeroth-order Gaussian modes [1] is transformed into the sequence of equispaced toroids
for the pair of colliding LG [2,3]. When the opposite LG is reflected from a phase-conjugating mirror (PCM),
the interference pattern is transformed into the pair of collocated helices each having A pitch [2,3]. For the
sufficiently large number of trapped atoms and low temperature atomic ensemble 7" =~ 0 the Gross-Pitaevskii
equation is solved in the Thomas-Fermi approximation. The maxima of the atomic density p(z,r,0,t) = |¥|?
are collocated with optical helices. The possible experimental implementation is described [2,3] using the
time — reversal property of PCM and photon’s orbital angular momentum conservation [3,4].

1. O.Morsch, M.Oberthaler, Rev.Mod.Phys. 78, 179 (20006).

2. M.Woerdemann, C.Alpmann and C.Denz, Opt. Express, 17, 22791(2009).
3. A.Yu.Okulov, J.Phys.B., 41, 101001 (2008).

4. A.Yu.Okulov, Phys.Rev.A , 80, 163907 (2009).

Keywords: optical dipole traps, quantum gases, optical vortices, superfluids, quantum vortices

Vortices in superconducting lead nanowires
W. M. Wu, M. B. Sobnack, and F. V. Kusmartsev
Department of Physics, Loughborough University, Loughborough LE11 3TU, United Kingdom

We study the nucleation of vortices in lead superconducting nanowires as a function of applied magnetic field
and temperature. Bulk lead is a Type-I superconductor and exhibits the Meissner effect. However, at small
scales the magnetisation properties of lead may exhibit unusual behaviour. Experiments by Simon Bending
I showed that Pb nanowires show typical Type-II characteristics in a decreasing applied magnetic field at
temperatures T' < 5.2K, but not for 7' > 5.2K. We use the 3D Ginzburg-Landau equations to model the
nanowires and the simulations show that the magentisation curve of wires do show hysteresis for temperatures
T < 5.2K, in agreement with the experimental results. We also study the stable vortex configurations of the
nanowires.

1. M.A. Engbarth, F. Nasirpouri, A. Muller, M.V. Milosevic, S.J. Bending, L.M. Peter (2008). “Geometry
driven flux structures in superconducting Pb nanowire”. International Workshop - Nanostructured Supercon-
ductors: From fundamentals to applications (2008)

Keywords: nanowires, vortices, magnetization, hysteresis
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Modelling the evolution of topological defects in quasi-2d superfluid *He-A

D. E. Zmeev?, R. Schanen?, and A. I. Golov®

%School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK
*Department of Physics, Lancaster University, Lancaster LA1 4YB, UK

We modelled the order parameter of 3He-A in a thick slab by three-dimensional unit vectors 1, n and d
on a discrete two-dimensional lattice. The vectors interact via gradient energy, dipole energy and anisotropy
energy (mimicking the boundary conditions for m and n vectors in a slab). Initially, the vectors are chosen
randomly and then allowed to evolve towards the local equilibrium at a rate limited by the orbital viscosity.
Various topological defects of the order parameter are observed: quantized vortices, three types of domain
walls (d-, 1- and dl-walls), three-way and four-way-junctions of different walls, kinks on domain walls. Slabs
of two different thicknesses were modelled. For any type of walls their total length was found to decrease
with time ¢ as ¢~1/2, although with different prefactors for different types.

Keywords: superfluid *He-A, restricted geometry, topological defects
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Hydrodynamic instability during non-uniform growth of a helium crystal

L. Dubovskii, S. Burmistrov, and V. Tsymbalenko
Institute of Superconductivity and Solid State Physics, RRC Kurchatov Institute, Russia

The Rayleigh-Taylor instability! is an instability of the interface which can be realized when the lighter
fluid is propelling the heavier one. We analyze an analog of the hydrodynamic Rayleigh-Taylor instability
for the superfluid-solid He interface under non-uniform growth rate of the solid phase. The development
of the interface instability starts with an accelerated interface growth rate and provided that the magnitude
of interface acceleration exceeds some critical value independent of the surface stiffness. The plane and
spherical shapes of the liquid-solid interface are considered. For the Richtmyer-Meshkov? limiting case of
an impulsively accelerated interface, the onset of instability does not depend on the sign of the interface
acceleration. The investigation of the surface instability can explain the features observed in the experiment?
where the crystal *He nucleation is triggered by focusing an ultrasonic wave of the large amplitude. The onset
and development of the instability is expected at the surface of helium crystals in the course of their abnormal
fast growth under large magnitudes of overpressures?.

1. G. L. Taylor, Proc. Roy. Soc. (London) A201, 192 (1950). 2. E. E. Meshkov, Izv. Akad. Nauk SSSR
(Mekh. Zhidk. i Gaza) 5, 151 (1969) [NASA Technical Translation F-13, 074 (1970)]. 3. X. Chavanne, S.
Balibar, and F. Caupin, Phys. Rev. Lett. 86, 5506 - 5509 (2001). 4. V. L. Tsymbalenko, J. Low Temp. Phys.
138, 795 (2005).

Keywords: hydrodynamic instability , superfluid-solid *He interface, crystal non-uniform growth

Instability of a crystal “He facet in the field of gravity

L. Dubovskii, S. Burmistrov, and V. Tsymbalenko
Institute of Superconductivity and Solid State Physics, RRC Kurchatov Institute, Russia

We analyze here the analog of the Rayleigh instability in the field of gravity for the superfluid-crystal “He
interface provided that the heavier “He crystal phase occupies the space over the lighter superfluid phase.
We find that the conditions and onset of the gravitational instability are different in kind above and below
the roughening transition temperature when the crystal *He surface is in the rough or in the smooth faceted
state, respectively. In the rough state of the surface the gravitational instability is fully analogous to the
classical case of the fluid-fluid interface. In contrast, in the case of the crystal faceted surface the onset of the
gravitational instability is associated with surmounting some potential barrier. The potential barrier results
from nonzero magnitude of the facet step energy. The size and the tilting angle of the crystal facet are also
important parameters for developing the instability. The initial stage of the instability can be described as a
generation of crystallization waves at the superfluid-crystal interface.

In particular, we discuss the experiments'-2 which may concern the gravitational instability of the superfluid-
crystal *He interface.

1. C.D. Demaria, J. W. Lewellen, and A. J. Dahm, J. Low Temp. Phys. 89, 385 (1992). 2. V. L. Tsymbalenko,
Fiz. Nizk. Temp. 21, 162 (1995) [Low Temp. Phys. 21, 120 (1995)].

Keywords: #He crystal, liquid-crystal *interface, gravitational instability
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Layering transitions in solid “He growth on graphite

A. Koga, Y. Shibayama, and K. Shirahama
Department of Physics, Keio University, Yokohama, Japan

The quantum nature of solid “He results in many unusual phenomena, including the roughening of *He crys-
tals. The epitaxial growth of solid “He on a graphite substrate occurs from the superfluid phase at pressures
well below the bulk solidification point due to the large Van der Waals potential of the substrate!. The thick-
ness of the adsorbed solid is known to increase with the pressure of the superfluid>~*. Below a critical
temperature, this epitaxial growth becomes discontinuous and one whole layer forms before the next begins.
These layering transitions, which have been shown to be related to the roughening phenomenon®, have been
observed for the “He-graphite system using differential adsorption? and fourth sound®~* methods. In this
study, we have performed torsional oscillator measurements for the growth of solid “He on an exfoliated
graphite sample, grafoil. We have observed shifts in the oscillation frequency that we believe are indicative
of layering transitions. In addition, we have observed slight suppression of the superfluid transition temper-
ature with the increase of the adsorbed solid thickness in the tortuous grafoil structure. Efforts are currently
underway to search for supersolidity in the layer-by-layer grown solid *He.

1. S. Franchetti, Nuovo Cimento. 4, 1504 (1956).

2. V. Gridin et. al., Phys. Rev. Lett. 53, 802 (1984).

3. S. Ramesh et. al., Phys. Rev. Lett. 52, 2375 (1984).

4. M. J. McKenna et. al, Phys. Rev. Lett. 69, 3346 (1992).
5. D. A. Huse, Phys. Rev. B. 30, 1371 (1984).

Keywords: Layering transition, Crystal growth, Solid “He

Dynamical transition of “He crystallization in a very high porosity aerogel
R. Masumoto, K. Ueno, H. Matsuda, R. Nomura, and Y. Okuda

Department of Condensed Matter Physics, Tokyo Institute of Technology, 2-12-1 O-okayama, Meguro-ku,
Tokyo 152-8551, Japan

Crystallization of “*He in aerogels of 90 and 96% porosities shows a dynamical phase transition at around
600 mK due to the competition between thermal fluctuation and disorder: crystals grow via creep at high
temperatures and via avalanche at low temperatures®. In a very high porosity aerogel of 99.5%, however, the
transition had not been observed. We improved the spatial resolution of the video image and found that the
99.5% aerogel had have the transition at 200 mK which is much lower than those of the lower porosities. The
avalanche size is significantly smaller in the 99.5% aerogel. We also report the temperature dependence of
the growth velocity of “He in the aerogels. In the creep region, crystal growth is faster at higher tempera-
ture and becomes slower with cooling. This temperature dependence is opposite to the bulk crystal growth.
Growth velocity is the lowest at the transition temperature. In the avalanche region, it slightly increases with
cooling and saturates at lower temperature. This temperature independent growth is presumably the result of
the macroscopic quantum tunneling through the disorder. The avalanche size distributes over a large scale
and follows a power law. The system is in a scale invariant critical state without any fine-tuning of the ex-
perimental parameters. It can be concluded that the low temperature avalanche region is in the self-organized
critical state.

1. R. Nomura, A. Osawa, T. Mimori, K. Ueno, H. Kato and Y. Okuda, “Competition between thermal
fluctuations and disorder in the crystallization of *He in aerogel”, Phys. Rev. Lett. 101, 175703 (2008).

Keywords: quantum solids, aerogel, avalanche, self-organized criticality
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Resonant Raman scattering features in the charge-density-wave phase

0. Matveev?, A. M. Shvaika?, and J. K. Freericks?

“Institute for Condensed Matter Physics, National Academy of Sciences of Ukraine, Lviv, Ukraine
*Department of Physics, Georgetown University, Washington, DC 20057, USA

The total electronic Raman scattering of light for a system with a charge density wave (CDW) on an infinite-
dimensional hypercubic lattice is calculated. Within the dynamical mean-field theory (DMFT) the nonres-
onant, mixed, and resonant contributions into response function are determined for the spinless Falicov-
Kimball model. Investigation is performed in three common experimental symmetries, which define the
polarization of incident and scattered light. The complicated shape of the Raman spectrum and its strong
reconstruction with the change of the incident photon energy is caused by the presence of the thermally acti-
vated subbands. The results for the resonance effects give information about the many-body charge dynamics
of the CDW-ordered phase. All the calculations are performed for the dirty metal and for the Mott-insulator
with developed gap.

Keywords: Electronic Raman scattering, charge-density-wave phase, dynamical mean-field theory

The effect of the crystal quality on hep phase nucleation in bee “He overcooled

N. P. Mikhin, A. P. Birchenko, V. A. Maidanov, E. Ya. Rudavskii, and Ye. O. Vekhov

B.Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, Kharkov, Ukraine

Pure “He bcc crystals are studied by precise pressure measurement technique under constant overcooling AT.
The bee-hep phase transition is accompanied by both a sharp pressure decrease AP under constant volume
condition and a simultaneous appreciable heat release in the sample up to few mK. Depending on AT, the
measured lifetime 7 of the metastable bcc phase was from several seconds to several hours. The dependence
of nucleation frequency J ~ 7! on overpressure AP for the bec-hep phase transition in good annealed “He
crystals demonstrates both homo- and heterogeneous nucleation mechanisms under different values of AP. It
is shown that homogeneous nucleation is not realized in unannealed crystals as well as in crystals undergone
the bee-hep phase transition even under maximal available AT ~ 0.08 K and AP ~ 1 bar. A contribution of
possible different centers of nucleation to heterogeneous nucleation kinetics is discussed.

Keywords: solid “He, bcc-hep phase transition, nucleation, overcooling
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Spectroscopy of vibronic wavepackets in condensed ‘He
generated by oscillating atomic bubbles

P. Moroshkin, V. Lebedev, and A. Weis
Department of Physics, University of Fribourg, Fribourg, Switzerland

Metal atoms embedded in liquid or solid helium form nanometer-sized cavities called atomic bubbles. Their
structure and properties are well established via optical and magnetic-resonance spectroscopy of the embed-
ded atoms (recently reviewed in [1]). Calculations show that the characteristic frequencies of the bubble
surface oscillations (breathing, quadrupole, etc.) lie in the range of 10'' — 10'2 Hz (~1 meV). However, no
associated vibrational structure has been observed in the experimental spectra.

Here we present results of a new laser-spectroscopic study of transition-metal (Cu, Au) atoms in liquid and
solid “He. In particular we observe transitions of inner shell electrons that have not been studied before.
Such transitions are weakly perturbed by the interaction with the bubble and display a characteristic structure
composed of a sharp zero-phonon line and a relatively broad phonon wing.

Based on these and earlier results we suggest a new way of looking at atomic bubble vibrations. The bubble
interface motion is treated as a strongly localized wavepacket of lattice oscillations (phonons) with a broad
continuous spectrum. The wavepacket is created at the instant of the electronic transition (absorption or
fluorescence emission) in the embedded metal atom and quickly spreads out leaving the bubble in a new
equilibrium configuration.

Laser spectroscopy of the dopants can thus be used as a tool for the investigation of elementary excitations in
quantum fluids and solids.

1. P. Moroshkin, A. Hofer, A. Weis, Physics Reports 469, 1-57 (2008)

Keywords: impurities, matrix-isolation spectroscopy, phonons

Investigating metastable solid helium below its melting pressure

E. Souris, J. Grucker, J. Dupont-Roc, and Ph. Jacquier
Laboratoire Kastler Brossel, ENS, UPMC-Paris 6, CNRS, 24 rue Lhomond, 75005 Paris, France

We report a first attempt to produce metastable hcp solid helium below its melting pressure. An intense pulsed
sound wave is emitted along the c-axis of a monodomain hcp helium-4 crystal starting from a static pressure
just above the melting pressure. The sound pulse is made as simple as possible with a negative and a positive
swing only. Density at focus is monitored by an optical interferometric method. It is found that the sound wave
anisotropy splits the focussed wave into two separate pulses, corresponding to a longitudinal wave along the
c-axis and a radial one perpendicular to it. This causes the amplification factor due to focusing to be less than
for an isotropic medium. Nevertheless negative pressure swings up to 0.7 bar have been produced, crossing
the static melting pressure limit. Improvements in the detection method and in the focussing amplification
are proposed.

Keywords: metastable solid, vacancy, sound wave
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Solid-liquid interface magnetic ordering
L. A. Todoshchenko®, M. S. Manninen?, and A. Ya. Parshin®

“Low Temperaure Laboratory, Aalto University, Puumiehenkuja 2B, Espoo, Finland
bP. L. Kapitza Institute, Kosygina 2, Moscow 119334, Moscow Institute for Physics and Technology, Institut-
skii 9, Dolgoprudnyi 141700, Russia

We have observed, for the first time, several different states of the basic facets on 3He crystal surface. Below
the nuclear ordering transition temperature, 7y = 0.93 mK, the [100] facet shows three different growth
modes, and the [100] facet shows two modes. We explain our results with the model of the ferromagnetic
polaron which is formed near the elementary step on the facet, and show that the corresponding magnetic
energy of the step is large and depends greately on the orientation of the underlying antiferromagnetic domain.
We give the qualitative description of all growth modes observed in the antiferromagnetic phase and in the
paramagnetic phase. The approach of the magnetic step is also shown to explain the great increase of mobility
of basic facets in high magnetic fields observed earlier in Leiden. The connection of the polaron model with
the present theories of roughening is discussed.

Keywords: surface magnetism, crystal growth
INVITED PAPER

Vacancy nature of the bec phase in solid helium
Ye. Vekhov and N. Mikhin

Department of Quantum Fluids and Solids, B. Verkin Institute for Low Temperature Physics and Engineering
of the National Academy of Sciences of Ukraine, Kharkov, Ukraine

We analyze the problem of bce phase existence in solid helium using identification of contributions of phonons
and vacancies to thermodynamic properties. Phonons are considered within the classical Debye theory and
vacancies are treated as wide-band quasi-particles according to Hetherington’s approach.! The analysis of
Debye temperature, O p, and vacancy activation energy, )y, was performed in wide molar volume range
for hep “He and bee *He.? Using dependence Qv (V;,,),2 we estimate vacancy concentration z, on the bec-
hcp pressure-temperature line and on the melting curve for the both helium isotopes according to equation
obtained in Ref.[1]. It results in almost the same dependence of x,,(V;,,) for *He and *He under condition of
V,,, increasing by 9% in “He. It means that in high temperature range, where vacancy contribution is essential,
the hep lattice is destabilized by high values of z,,. We establish that wide-band vacancies destabilize the hcp
lattice and tend it to the hcp-bee phase transition under raising their concentration with temperature near the
melting curve for both helium isotopes. The criterion for hcp phase destabilization is found.

1. L.H. Hetherington, JLTP, 32, 173 (1978).
2. V.N. Grigorev and Ye.O. Vekhov, JLTP, 149, 41 (2007).

Keywords: solid helium, hcp-bcec transition, vacancies
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The anomalous softening of helium-4 crystals

S. Balibar
ENS and CNRS, Paris

Keywords: Supersolid
INVITED PAPER

Elastic properties of solid helium: Is there a phase transition? Is there a critical
velocity?

J. Beamish
University of Alberta

Keywords: Supersolid
INVITED PAPER
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Review of experimental results on supersolidity
M. H. W. Chan

Penn State University

Although the observation of non-classical rotational inertia in solid helium was first reported in 2004, the
microscopic origin and physical interpretation of the observed phenomena is still a subject of considerable
intrigue.! In this talk I will review and correlate recent experimental results to provide an up to date picture of
what we do and still do not understand. I will also take the opportunity to highlight some of the most exciting
and unpublished experimental results.

Work supported by NSF in collaborations with E. Kim, A.C. Clark, X. Lin, J.T. West, Zhigang Cheng, N.
Mulders, L. Lurio, C. Burns, J. Beamish, O. Syshchenko, X. Rojas A. Haziot and S. Balibar

1. S. Balibar, The enigma of supersolidity , Nature 464, 176 (2010)
Keywords: supersolid, dc rotation, vortex
INVITED PAPER

Supersolid under slow rotation

H. Choi®, D. Takahashi®, K. Kono?, and E. Kim®

“Department of Physics, KAIST, Daejeon, South Korea
®Low Temperature Physics Laboratory, RIKEN, Wako-shi, Japan

Despite relentless efforts to uncover the mechanism of supersolidity since its discovery in 20041, there is no
well-established consensus in the community. In fact, similarities seen in shear modulus of solid helium? and
torsional oscillator experiments along with lack of similarity to a conventional superfluid have generated a
cloud of doubt about the superfluid nature of solid helium?®. However, ac nature of the previous measurement
techniques is partially responsible for the various complicated interpretations. To avoid the complication, we
impose dc rotation on top of ac oscillation of torsional oscillator and piezo-transducers for shear modulus
measurement. The dc rotation clearly affects one, torsional oscillation, but not the other, shear modulus, indi-
cating that mechanisms for two apparently similar behaviors are in fact different. We provide clear evidence
of vortices in supersolid for the first time with suppression of nonclassical rotational inertia under dc rotation.

1. E. Kim and M. H. W. Chan, Nature 427, 225 (2004).
2. J. Day and J. Beamish, Nature 450, 853 (2007).
3. J. D. Reppy, to appear in Phys. Rev. Lett. (2010).

Keywords: supersolid, dc rotation, vortex
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Non-equilibrium quantum systems — Glasses at ultra-low temperatures

C. Enss

Kirchhoff-Institut fiir Physik, Universitit Heidelberg, Im Neuenheimer Feld 227, D-69120 Heidelberg, Ger-
many

At low temperatures the elastic, dielectric and thermal properties of amorphous materials are dominated by
atomic tunneling systems. Due to the irregular structure of glasses the parameters of these tunneling systems
are widely distributed, leading to the well known very broad spectrum of relaxation times. Taking this wide
spectrum of relaxation times into account, the elastic response of glasses as a function of temperature can
be at least qualitatively descripted. Recently, it has been discovered, that the nuclear moments of the atoms
involved in the tunnelig motion play an important role. In particular, at ultralow temperatures many new
phenomena can be observed in connections with the nuclear properties of the tunneling atoms. We will
review the thermal and elastic properties of glasses at ultra-low temperatures and point out possible relations
to experimental observations made with supersolids.

Keywords: glasses, atomic tunneling systems, elastic properties
INVITED PAPER

A high temperature disorder-induced mobile phase in solid “*He
A. Eyal®, O. Pelleg?, L. Embon®, and E. Polturak®

“Department of Physics, Technion - Israel Institute of Technology, Haifa 32000, Israel
bBrookhaven National Laboratory, Condensed Matter and Materials Science, Upton, New York 11973-5000
“Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot 76100, Israel

We report torsional oscillator (TO) experiments on solid He at temperatures between 1.3K and 1.9K. Initially,
our samples are singe crystals, grown at constant temperature and pressure on the melting curve. With the
cell full of solid, we disorder the crystal by applying stress. Simultaneously with the appearance of disorder,
the TO shows phenomena similar to those referred to as supersolidity!. These include a partial decoupling
of the solid helium from the TO, a change of the dissipation, and a velocity dependence of the decoupled
mass. The effect does not depend strongly on the crystalline symmetry (hcp or bee) or on the temperature.
From our neutron scattering experiments?, we know that the disorder prevalent in our samples is low angle
grain boundaries. The apparent mobility of the solid inside the TO can therefore be associated with the ability
of the grain boundaries to move. The grain boundaries can be annealed out in the presence of fluid, which
restores the “’perfect rigid body” behaviour of the solid.

1. E. Kim, M. H. W. Chan, Nature 427, 225 (2004)
2. O. Pelleg et. al., Phys. Rev. B 73, 024301 (2006)

Keywords: solid Helium, supersolid, disorder
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Unifying the relaxational, rotational and shear dynamics of solid “*He

E. J. Pratt®, B. Hunt®?, V. Gadagkar®, M. Yamashita®, M.J. Graf?, A. V. Balatskyd, and J. C.
Davis®®/

“Laboratory for Atomic and Solid State Physics, Department of Physics, Cornell University, Ithaca, NY
14853, USA.

®Massachusetts Institute of Technology, Cambridge MA, 02139.

“Department of Physics, Kyoto University, Kyoto 606-8502, Japan.

dTheory Division and Center for Integrated Nanotechnology, Los Alamos National Lab., Los Alamos, NM
87545, USA.

¢Condensed Matter Physics and Materials Science Department, Brookhaven National Laboratory, Upton, NY
11973, USA.

fSchool of Physics and Astronomy, University of St. Andrews, St. Andrews, Fife KY16 9SS, UK.

Solid “He may become a supersolid when its temperature 7" and mass-flow velocity V' fall below their critical
values T, and V.. Indeed, torsional oscillator (TO) studies of this solid show that, below 7" ~ 250 mK
and rim-velocity V' ~ 10~% ms™!, the TO resonant angular frequency wy increases rapidly consistent with
superfluid inertia decoupling. However, an alternative explanation could be that solid “He contains inertially
active crystal excitations whose relaxation time 7 lengthens smoothly with falling 7" and V' so as to alter
the TO dynamics in the observed fashion whenever wy7 passes through 1. To distinguish between these
scenarios, we map the solid He rotational and relaxational dynamics throughout the V' — T plane. These
data demonstrate that the rotational dynamics of solid “He must be due to the generation (probably by inertial
shearing) of precisely the same type of excitations which are generated by direct shearing.

Keywords: solid helium, supersolidity

The glassy response of double torsion oscillators in solid ‘He
M. J. Graf?, J.-J. Su®, H. P. Dahal?, 1. Grigorenkob, and Z. Nussinov®

“Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
®Department of Physics, Penn State University, University Park, Pennsylvania 16802, USA
“Department of Physics, Washington University, St. Louis, Missouri 63160, USA

Single and double torsion oscillators have been used successfully to measure the anomalous change in reso-
nant frequency and accompanying dissipation in solid “He. We present a glass description of the mechanical
anomalies found in torsion oscillator measurements. Our results show that it is not necessary to invoke a
supersolid interpretation to explain these mechanical anomalies. Previously, we demonstrated that the back-
action of a glassy subsystem present in solid “He can account for frequency change and dissipation peak in
many single torsion oscillator experiments [1,2]. Here, we show that the same glassy back-action can explain
the experimental results of the composite torsion oscillator developed by the Rutgers group, which measures
the response of solid “He at the in-phase mode f; = 496 Hz and out-of-phase mode f, = 1173 Hz [3].

1. Z. Nussinov, A. V. Balatsky, M. J. Graf, S. A. Trugman, Phys. Rev. B 76, 014530 (2007). ’On the origin
of the decrease in the torsional oscillator period of solid *He”.

2. M. J. Graf, Z. Nussinov, A. V. Balatsky, J. Low Temp. Phys. 158, 550 (2010). ”The glassy response of
solid “He to torsional oscillations”.

3. M. J. Graf, J.-J. Su, D.P. Dahal, I. Grigorenko, Z. Nussinov, arXiv:1007.1999. “The glassy response of
double torsion oscillators in solid “He”.

Keywords: solid helium, glass, supersolid, defects, torsion oscillator
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Search for “direct” evidence of glassy behavior in solid ‘He

P. Gumann®?, V. Sharma®, and H. Kojima“

@Serin Physics Laboratory, Rutgers University, Piscataway, NJ 08854, USA
bInstitute for Quantum Computing, University of Waterloo, Waterloo, ON, Canada

We have carried out a series of torsional oscillator (TO) experiments to search for clear evidence for glassy
behavior by searching for “ageing” effects in a solid “He (nominal ~ 0.3 ppm 3He impurity concentration)
sample. We measured the dynamic response of solid “He by stepping down the external drive level applied
to the TO at various waiting times (from several minutes up to 24 hours) and temperatures (10 mK - 100
mK) as follows. The sample is cooled from a high temperature (~ 400 mK) to a low target temperature
while oscillating at a given drive level. After the TO reached the target temperature, the sample is aged for a
given waiting time when the drive level is quickly reduced in half. The TO oscillation amplitude subsequent
to the reduction in drive level is characterized by an initial undershoot and a subsequent exponential short
time recovery followed by a logarithmic long time behavior. Both the exponential and logarithmic behaviors
depend on the ageing time and the target temperature indicating “glassiness.” The maximum temperature at
which the relaxation effects can be observed coincides with the temperature below which a hysteresis in the
TO frequency shift sets in. More measurements for ultra-pure *He samples are under way to see how these
behaviors are affected by the *He-impurity concentration.

Supported in part by NSF grant DMR-0704120

Keywords: supersolid, helium-4, glassiness, torsional oscillator

Superfluid glass stabilized by elasticity of bose solid with quenched disorder

R. Ikeda
Department of Physics, Kyoto University, Kyoto 606-8502, Japan

Imperfections, such as dislocations, in solid *He play roles of nucleation sites of superfluid local order or
quenched disorder destroying its long ranged positional order at low temperatures. With no underlying solid
order, a glass ordering due to uncorrelated quenched disorder provided by, say, a porous material does not
overwhelm the ordinary superfluid ordering. We examine here a system describing a bose superfluid ordering
coupled with an elasticity of the bose solid including quenched disorder. It is shown that, reflecting that the
elasticity makes the quenched disorder a correlated one, the resulting glass ordering overwhelms the ordinary
superfluid ordering in most of the parameter range. In other words, the static superfluidity in the bose solid is
destabilized by the quenched disorder. Based on this picture, some experimental observations on the so-called
supersolidity in *He will be discussed.

Keywords: phase transition, superfluid glass, supersolid
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NCRI and shear modulus of solid helium at low temperatures
E. Kim
KAIST

Keywords: Supersolid
INVITED PAPER

Supersolid behaviors in thin solid “He films adsorbed on nanoporous media

T. Kogure, R. Higashino, H. Yoshimura, Y. Shibayama, and K. Shirahama
Department of Physics, Keio University, Yokohama 223-8522, Japan

Thin *He films adsorbed on solid surfaces are a unique model system of two-dimensional (2D) Bosons. One
may expect a true supersolid state caused by intrinsic zero-point vacancies peculiar to this 2D bosonic system.
We have searched for the possible supersolid state in 2D solid *He films formed on a nanoporous Gelsil glass
(pore size: 2.5 nm) by studying the dynamics using a torsional oscillator (TO).

We have clearly observed a supersolid-like behavior in the solid “He films thinner than approximately two
atomic layers. As the film is cooled, the TO frequency starts to increase at a certain temperature, and the
dissipation shows a peak at around the midpoint of the frequency shift. The overall behavior shifts to lower
temperature as the coverage n decreases and disappear at a “critical coverage” n.. Above n., an ordinary
superfluid transition occur with a linearly increasing transition temperature with n.

The supersolid-like response may be related to the formation of a gapped localized solid below n. and an
emergence of mobility edge at n., which were proposed from heat capacity studies by Crowell et al.[1]. We
propose that the crossover between the supersolid-like and superfluid states is a manifestation of a quantum
critical phenomenon around n. and 0 K tuned by the *He particle (or hole) density. The supersolid-like
response also bears a striking resemblance to ultrasound results for “He and ®He adsorbed on a different
substrate [2].

[1]. P. A. Crowell et al., Phys. Rev. Lett. 75, 1106 (1995). [2]. M. Hieda et al., Phys. Rev. Lett. 85, 5142
(2000).

Keywords: two-dimensional helium, supersolid, quantum critical phenomenon
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On the lattice dynamics of solid helium, supersolidity and glassy states

N. Krainyukova
Verkin Institute for Low Temperature Physics and Engineering NASU, Kharkov, Ukraine

In quest of possible explanation of the recently revealed phenomena in solid *He, which are presumably
relevant to ’supersolidity’, we reconsider the work of Nosanow and Shaw (1962) where within a Hartree
approach the ground state of solid He is analyzed. We eliminated two main assumptions, which obviously
affect the obtained results. Namely we apply no cutoff procedure for larger interatomic distances and do
not require a wave function to be monotone from a lattice site to co. We calculate the ground-state energy,
the self-consistent potentials and the Debye temperatures as functions of density. Our spherically symmetric
wave functions found by means of a variational procedure with respect to their parameters were revealed to
be not exactly localized at lattice sites but shifted aside by ~ 0.2 A at lowest densities for solid “He. These
shifts disappear for increasing densities, which correspond to ~ 3500 bar. This fact implies that He atoms are
allowed not only oscillate but also move around the lattice sites. These movements may not be characterized
as a pure rotation. But random atomic shifts in a crystal lattice may result in a glassy like behavior of “He at
low temperatures while random movements along nearly equipotential surfaces around the crystal sites may
produce effects characteristic of two-level systems. Besides such movements can facilitate delocalization e.g.
via sliding as it was proposed in our recent work! by means of a flexible accommodation with respect to a
potential relief in a crystal. The calculated ground-state energy was found to be very close to the experimental
meaning and noticeably lower (by ~ 0.4 K) as compared with a value obtained for a wave function localized
at a lattice site.

1. N. Krainyukova, JLTP 158, 602 (2010)

Keywords: lattice dynamics, quantum solid, supersolidity, glassy behavior

Transition into the supersolid(SS) state, supersolid density p,, and the critical velocity
V. to destroy the SS state

M. Kubota®, N. Shimizi?, Y. Yasuta®, A. Kitamura®, and M. Yagi®

“Institute for Solid State Physics (ISSP), the University of Tokyo, Japan.
bGraduate School of Sci. & Tech., Niigata University, Niigata, Japan

We have reported the onset of the vortex fluid(VF) state in hcp solid He below an onset temperature 7).
Here we describe the transition from the VF state into the supersolid(SS) state, which is characterized by
supersolid density and macroscopic coherence as well as a critical velocity to destroy, below a transition? at
T.. We demonstrate the inter-relation between the vortex core size derived from the minimum of the phase
coherence length and the critical velocity to destroy the SS state. The large ratio between 7, and T, may
indicate the large fluctuations of the system and it gives a basis for the vortex state®, as seen in the new type
of superconductors, and for a new kind of phase transition, namely weak first order phase transition*,’, for
the one from the VF state into the SS state. We would also like to discuss the vortex dynamics® in the VF
state and the SS state properties”.

[1]. A. Penzev, Y. Yasuta and M. Kubota, Phys. Rev. Lett. 101, 065301 (2008).

[2]. M. Kubota, et al., ] Low Temp Phys, 158: 572 (2010); and to be published.

[3]. D. S. Fisher, M. P. A Fisher, and D. A. Huse, Phys. Rev. B 43, 130 (1991).

[4]. B. I. Halperin, et al., Phys. Rev. Lett. 32, 292 (1974).

[5]. I. Herbut, ”A Modern Approach to Critical Phenomena”, Cambridge Univ. Press, (2007).
[6]. S. Nemirovskii, N. Shimizu, Y. Yasuta, and M. Kubota, arXiv:0907.0330.

[7]. M. Yagi, A. Kitamura, M. Fukuda, T. Obata, and M. Kubota, QFS 2010.

Keywords: phase transition, quantum solid, supersolid, vortex fluid, supersolid density, critical ve-
locity
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Quantum dislocations in solid ‘He

A.B. Kuklov, D. Aleinikava, and E. Dedits
Department of Physics and Engineering, CSI, CUNY, USA

Quantum crystals provide unique opportunity for studying quantum mechanics of extended objects — dislo-
cations. Their glide and climb under finite external stress o, variation of chemical potential Ay and bias
(geometrical slanting) in Peierls potential are studied by Monte Carlo simulations of the effective string
models’2. We treat on unified ground quantum effects at finite temperatures 7". Climb at low 7 is assisted
by superflow along dislocation core found in ab initio Monte Carlo simulations? in solid *He. For small
o and bias, gliding dislocation undergoes thermally assisted crossover from quantum smooth to classically
roughened state! where Peierls potential becomes irrelevant. A typical temperature of such roughening 7,
is determined by the pinning gap A. At larger o avalanche-type creation of kinks is found. Two responses
R; = u/o and Ry = du/do, where w is string deformation, exhibit qualitatively different behaviors. We also
determine two isochoric compressibilities x2(7") = dN/du (as discussed in Ref.?) and x1(T) = AN/Ap,
where AN is the amount of matter accumulated in (edge) dislocation half-plane. At low-T both quantities
show reduction predicted in Ref.2. Increasing T, while superfluidity is not strongly affected, leads to recov-
ery of x1 2 to a plateau characterized by giant values in accordance with the observations®. This crossover is
accompanied by changing nature of the dislocation core superfluidity — from the standard Luttinger type at
low T to free-particle-like (non-Luttinger) one at higher 7.

1. D. Aleinikava, E. Dedits, A. B. Kuklov and D. Schmeltzer, EPL, 89 (2010) 46002; arXiv:0812.0983.
2. S. G. Soyler, A. B. Kuklov, L. Pollet, N.V. Prokof’ev,and B.V. Svistunov, PRL 103, 175301 (2009)
3. M.W. Ray and R.B. Hallock, PRL 100, 235301 (2008); PRB 79, 224302(2009); arXiv:0908.2591

Keywords: quantum dislocations, roughening, superclimb
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Josephson effects in one-dimensional supersolids

M. Kunimi®, Y. Nagaib, and Y. Kato®

“Department of Basic Science, The University of Tokyo, Tokyo 153-8902, Japan

®CCSE, Japan Atomic Energy Agency, 6-9-3 Higashi-Ueno, Tokyo 110-0015, Japan and CREST(JST), 4-1-8
Honcho, Kawaguchi, Saitama, 332-0012, Japan

We demonstrate that superfluidity past an obstacle is possible in a solid phase in the one-dimensional Gross-
Pitaevskii equation with a finite-range two-body interaction. The phenomenon we find is analogous to
the DC Josephson effect in superconductors and we deduce the “Josephson relation ” between the current
and the phase difference of the condensates separated by the obstacle. Within our model, we also dis-
cuss the current-driven solid phase, which is realized above the Landau roton critical velocity of the liquid
phase[L. P. Pitaevskii, JETP Lett. 39, 511 (1984)]. The phase diagram in the plane of the current and the
interaction strength is given.

1. Kunimi, M., Nagai, Y. and Kato, Y. (2010). "Josephson effects in one-dimensional supersolids” arXiv:1005.3936.

Keywords: Supersolid, Josephson effect, Landau critical velocity
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Study of the stability of small vacancy clusters in solid ‘He

Y. Lutsyshyn, R. Rota, and J. Boronat
Departament de Fisica i Enginyeria Nuclear, Universitat Politecnica de Catalunya, Spain

We study numerically pair correlation of vacancies in solid *He at zero temperature with diffusion Monte
Carlo method. Up to four vacancies were introduced into the solid through incommensuration between the
number of available lattice sites and the actual number of atoms. No bound four-vacancy clusters were
observed. Instead, while the vacancy-vacancy correlation function increases at small distances indicating
vacancy attraction, the decay of the pair correlation function at large distances is compatible with only weak
binding of four-vacancy clusters.

Keywords: Vacancy, vacancy clusters, solid helium
Deformation of helium crystal in the supersolid region and formation of a glassy phase

V.A. Maidanov, A.A. Lisunov, V.Yu. Rubanskii, S.R. Rubets, E.Ya. Rudavskii, A.S. Rybalko, and
V.A. Tikhiy

B.Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, 47 Lenin Ave., Kharkov 61103 , UKRAINE

A method has been developed to generate disorder in “He crystals by deformation in the course of the ex-
periment. A special two-chamber cell was used which contained measuring and control chambers with a
beryllium bronze membrane between them. In the experiment the temperature dependence of pressure was
measured in carefully annealed crystals before and after deformation. It is shown that at low temperatures
(in the supersolid region) the pressure consists of two parts: a phonon contribution proportional to 7* and
an additional contribution proportional to 7. Naturally, the latter can be attributed to the contribution of a
glassy phase which forms in the helium crystal owing to deformation. It is found that the glassy phase contri-
bution disappears after annealing the crystal near the melting temperature. The annealing-induced relaxation
of pressure in the deformed crystal is very slow process in contrast to a crystal with growth defects where a
large pressure drop is observed. The results obtained are analyzed in the framework of the model of two-level
tunneling systems in solid helium.

Keywords: solid “He, glassy phase, supersolid
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Thermal conductivity of glasses induced by nuclear quadrupole interaction at ultra
low temperatures

L. Polishchuk® and A. Burin®

¢Kurchatov Institute, Kurchatov Sq.1, 123182, Moscow, Russia
bDepartment of Chemistry, Tulane University, New Orleans, Louisiana 70118,USA

Recently the influence of nuclear quadrupole interaction (NQI) on the properties of amorphous solids is
widely investigated both experimentally and theoretically. In particular, in Ref.! thermal conductivity was
investigated down to 6 mK. However no nuclear quadrupole effect was found. At the same time, in our
previous publications 2 it was shown that below approximately 5 mK in certain glasses the NQI breaks down
the coherent tunneling and strongly affects its dielectric permittivity. In this contribution we predict that the
NQI can affect the thermal conductivity deeply. We found that resonant phonon absorption by the tunneling
system is strongly suppressed and thus the thermal conductivity is much larger compared with that predicted
by the standard tunneling model. We found that that application of a strong magnetic field decreases the
thermal conductivity and the standard behavior is restored.

1.Daniel RothfuB, Uta Kuhn, Andreas Fleischmann, and Christian Enss Thermal conductivity of supercon-
ducting bulk metallic glasses at very low temperatures.In: Phonons 2010, 13 International Conference on
Phonon Scattering in Condensed Matter. Book of Abstracts .Taipei, Taiwan, April 18-23,2010, p. 201.

2. see, e.g., A.L. Burin, I.Ya. Polishchuk, P. Fulde, Yu. Sereda, Low-temperature breakdown of coherent
tunneling in amorphous solids induced by the nuclear quadrupole interaction, Phys. Rev. Lett. 96 (2006)
025505.

Keywords: coherent and noncoherent tunneling, glasses, thermal conductivity

Isochoric compressibility of solid ‘He
M.W. Ray and R.B. Hallock
Laboratory for Low Temperature Physics, Department of Physics, Univ. of Mass. Amherst, USA

We have performed experiments in which we inject atoms into hcp solid “He at pressures greater than the
bulk melting pressure. We measure the change in pressure of the solid in response to the injection, which
gives a measure of the isochoric compressibility. It is peredicted that the isochoric compressibility of solid
“4He occurs by the climb of edge dislocations fed by superfluid dislocation cores! and that the compressibility
should be zero at high temperature, become finite at some intermediate temperature where the dislocation
cores become superfluid, and finally fall to zero again at low temperature where the dislocations become
smooth!. We have obtained data® that show at 7' > 700 mK the compressibility is zero, rises sharply with
falling temperature, saturates at 7' ~ 500 mK, and at lower temperature appears to fall. This behavior is
generally consistent with the predictions of Solyer et al *. Supported by NSF DMR 07-57701 and 08-55954.

1. Soyler, S.G. et al. Phys. Rev. Lett. 103, 175301 (2009).
2. M.W. Ray and R.B. Hallock, arXiv:0908.2591

Keywords: Supersolid, solid helium, dislocations, compressibility
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Mass flux through a cell filled with solid “He induced by the thermo-mechanical effect

M.W. Ray and R.B. Hallock
Laboratory for Low Temperature Physics, Department of Physics, Univ. of Mass. Amherst, USA

We have induced a mass flow through a sample cell filled with hcp solid “He by the imposition of a temper-
ature difference between two reservoirs filled with liquid helium connected to each other by porous Vycor
glass rods in series with the bulk solid “He. The Vycor rods allow us to perform this experiment at pressures
greater than the bulk melting pressure. The imposition of a change in the temperature difference between
the reservoirs results in a rate-limited flux that creates a change in the pressure difference'. The equilibrium
pressure and temperature differences are in accord with predictions based on the fountain effect. We show
that the flow rate is limited by the solid, and not by the Vycor. Supported by the NSF DMR 08-55954.

1. M.W. Ray and R.B. Hallock, arXiv:1005.1022

Keywords: Supersolid, solid helium, fountain effect

New experiments bearing on the nature of the supersolid state of solid *He

J. D. Reppy
Cornell University

Keywords: Supersolid
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Path integral Monte Carlo calculation of momentum distribution in solid *He
R. Rota® and J. Boronat?

“Departament de Fisica i Enginyeria Nuclear, Universitat Politecnica de Catalunya, Barcelona, Spain
®Departament de Fisica i Enginyeria Nuclear, Universitat Politécnica de Catalunya, Barcelona, Spain

In this work, we perform microscopic simulations of “He commensurate and incommensurate hcp crystals
by means of Path Integral Monte Carlo methods, both at zero and at finite temperature. Our main objective
is to study the momentum distribution n(k), through the calculation of its Fourier transform, the one-body
density matrix p;(r). Using the worm algorithm®, we are able to compute the properly normalized p; (r)
and so to avoid the systematical uncertainties introduced by a posteriori normalization factor. The function
n(k) we get is comparable with the one obtained in neutron scattering experiments2. We see that, at densities
close to the melting, n(k) differs significantly from the Gaussian shape typical of classic solids, while these
differences decrease at higher densities. Furthermore, we see that n(k) in crystals presenting vacancies
shows an additional peak at zero-momentum below a critical temperature: this suggests that, only at very low
temperature (7' < 0.75 K), the defects are able to allow a larger occupation of the low momentum states.

1. M.Boninsegni, N.V.Prokof’ev, B.V.Svistunov: Phys. Rev. E 74, 036701 (2006)
2. S.0.Diallo, J.V.Pearce, R.T.Azuah, H.R.Glyde: Phys. Rev. Lett. 98, 205301 (2007)

Keywords: solid *He, supersolid, Path Integral Monte Carlo, momentum distribution, Bose-Einstein
condensation

Observation of non-classical rotational inertia in two-dimensional “He solid on graphite
surface

Y. Shibayama®, H. Fukuyama®, and K. Shirahama®

“Department of Physics, Keio University, Yokohama, Japan
®Department of Physics, The University of Tokyo, Tokyo, Japan

4He on graphite is an interesting system for study of a two-dimensional (2D) correlated Bose system. In
torsional oscillator (TO) studies Crowell and Reppy (CR) observed an anomalous mass decoupling in “He
bilayer films on graphite, and they mentioned the possibility that the decoupling originated from the non-
classical rotational inertia (NCRI) of a commensurate 2D “He solid doped with zero-point vacancies due
to zero-point motion of the quantum solid.! This is interesting in the context of the supersolid phase of a
quantum solid. On the other hand, a recent numerical simulation claims the absence of the commensurate
solid in the second layer.? In this work, in order to study the origin of the peculiar mass decoupling in the
2D “*He films, we reexamined TO studies of *He films on Grafoil. A finite NCRI is observed at the coverage
between 18.19 and 19.50 atoms/nm?, which is in the vicinity of the second layer completion. This is basically
in agreement with the results of CR. The size of NCRI is suppressed at a TO rim velocity over 500 pm/s,
while the TO response of ordinary superfluid films appearing over 20.08 atoms/nm? does not depend on the
TO velocity. These suggest the NCRI emerging in the range 18.19-19.50 atoms/nm? can be originated from
the solid “He films. Our observation seems to be in conflict with the result of the numerical simulation. We
will discuss the possible phase diagram suggested from our observation.

1. P. A. Crowell and J. D. Reppy, Phys. Rev. B §3, 2701 (1996).
2. P. Corboz et al., Phys. Rev. B 78, 245414 (2008).

Keywords: two-dimensional “He, supersolid, torsional oscillator
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Coexistence of supersolidity and superfluidity in “He confined in porous Gelsil and
Vycor

K. Shirahama, H. Yoshimura, R. Higashino, S. Takada, and Y. Shibayama
Department of Physics, Keio University, Yokohama 223-8522, Japan

Supersolid behaviors of solid “He have been observed even when solid “He is formed in nanometer-sized
pores of Vycor and Gelsil':2. This fact suggests that the possible supersolidity has a genuine microscopic
origin, such as amorphous-like disorder. We have reexamined the torsional oscillator responses of “He con-
fined in a porous Gelsil (2.5 nm pore size) and in a Vycor sample (7 nm pore size). At pressures just above
the bulk freezing pressure Pr = 2.5 MPa, the supersolid response (reduction of rotational inertia accompanied
with excess dissipation below about 0.15 K) coexists with ordinary superfluidity that is originated from the
confined liquid. The superfluid transition temperature 7, becomes sensitive to the pressure. This suggests that
just above P; a new solid *He layer is grown from the so-called “inert” solid layer that is always tightly bound
to the pore wall. The solid layer decreases the effective pore size for liquid *He, and sensitively suppresses
the superfluidity. We therefore conclude that the supersolid signal comes from the thin solid layer(s) adjacent
to the inert layer. Superfluid liquid is located at the center of the pores, and is surrounded by the supersolid
layers. Our observation proposes for the first time that thin solid “He films of a few atomic layers exhibit
supersolid behaviors. The layering of supersolid-like “He is consistent with the predictions of path-integral

Monte Carlo simulation studies?.

[1] E. Kim and M. H. W. Chan, Nature 427, 225 (2004). [2] H. Yoshimura, R. Higashino, S. Takada, Y.
Shibayama and K. Shirahama, in preparation. [3] M. Rossi, D. E. Galli, L. Reatto, Phys. Rev. B 72, 064516
(2005); S. A. Khairallah and D. M. Ceperley, Phys. Rev. Lett. 95, 185301 (2005).

Keywords: supersolid, porous media, glass

The glass description to the anomalies in solid ‘He

J.-J. Su®, M. J. Graf?, and A. V. Balatskyb

“Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
bCenter for Integrated Nanotechnologies, Los Alamos National Laboratory, Los Alamos, New Mexico 87545,
USA

I present our glass description to the anomalies found in specific heat and in shear modulus measurement.
We model the low-temperature specific heat of solid “He by invoking two-level tunneling states in addition
to the contribution of a Debye crystal for temperatures far below the Debye temperature, 7' < ©/50. By
introducing a cutoff energy in the two-level tunneling density of states, we can describe the excess specific
heat observedin solid hcp “He, as well as the low-temperature linear term in the specific heat. Agreement is
found with recent measurements of the temperature behavior of both specific heat and pressure. These results
suggest the presence of a fraction at the parts-per-million (ppm) level of two-level tunneling systems in solid
“He.

For shear modulus, we propose that the stiffening with decreasing temperature can be described with a glass
susceptibility assuming a temperature dependent relaxation time 7(7"). The glass susceptibility captures
the freezing out of glassy degrees of freedom below a characteristic crossover temperature 1'x. There the
dynamic response of the solid satisfies w7 (Tx) ~ 1, thus leading to an increase in the shear modulus. We
predict that the maximum change of the amplitude of the shear modulus and the height of the dissipation peak
are independent of the applied frequency w. Our calculations also show a qualitative difference in behavior of
the shear modulus depending on the temperature behavior of the glass relaxation time 7(7"). These predictions
can be tested by comparing the complex shear modulus with experiments at different frequencies.

Keywords: Solid Helium, glass
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Simultaneous measurement of torsional oscillator and NMR in solid “He with 10 ppm
of *He
R. Toda®’, W. Onoe?®, M. Kanemoto®, T. Kakuda®, Y. Tanaka®, and Y. Sasaki®"®

“Department of Physics, Graduate School of Science, Kyoto University, Kyoto, Japan
bResearch Center for Low Temperature and Materials Sciences, Kyoto University, Kyoto, Japan

Recently, ’supersolid’ behavior in solid *He attracts the interest of many people. One of the peculiar ob-
servation is that the period shift of the torsional oscillator (TO), which is called as NCRI fraction, depends
strongly on very tiny amount of *He impurities.! NMR study of dilute *He in supersolid “He may provide
useful information in order to understand the role of 3He. We have done a simultaneous measurement of the
TO and NMR of solid *He and found that there are three different states of 3He below the phase separation
temperature (Tpg).2 In this report, we describe our latest results with 10 ppm of 3He at 3.6 MPa. The NCRI
response appears below about 500 mK. Simultaneously, we investigated the NMR signal of *He in solid *He.
Below Tpgs, signal intensity increases as a function of time after cooling through Tps. It corresponds to the
growth of 3He cluster made by the phase separation since 3He atoms outside of the cluster have much longer
T} than the measurement interval. When we warm the solid above Tpg, signal intensity decreases gradually.
It corresponds to the disappearance of the *He cluster. Below and above Tps, the distribution of *He atoms
changes significantly. However, we did not observe any systematic changes in the TO response. This result
suggests that the phase separation and related changes of the distribution of 3He is not directly related to the
NCRI response.

1. E. Kim et al., Phys. Rev. Lett. 100, 065301 (2008).
2. R. Toda et al., Phys. Rev. B 81, 214515 (2010).
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Observation of quantized vortex lines in solid He under DC rotation
M. Yagi®, A. Kitamura®, N. Shimizi®, Y. Yasuta®, and M. Kubota®

“Institute for Solid State Physics (ISSP), the University of Tokyo, Japan.
bGraduate School of Sci. & Tech., Niigata University, Niigata, Japan

We report how one can detect quantized vortices in superfluids contained in cylindrical vessels in well de-
signed torsional oscillator (TO) experiments under DC rotation. We show the case for the artificial 3D
superfluid', which is made of Kosterlits-Thouless 2D He films condensed on porous glass substrates with
well controlled pore size. We can understand the experimental results in terms of extra energy dissipation un-
der DC rotation by considering the circular quantized superflow around each of vortex lines and interaction of
the thermally excited 2D vortices with the superflow field caused by the quantized circulation as discussed in
Ref.!. We show the case with hep solid He and discuss the observation of the vortexline penetration below the
supersolid transition temperature?, T,,, where macroscopic phase coherence is realized. For hep solid He we
have reported the vortex fluid state onset temperature® T}, by detailed study using TO technique. TO response
of the hcp He is characterized by the energy dissipation similar as in KT transition around 100 mK. The real
supersolid (SS) state occurs at 7, much lower than 7T,,. We observe the evidence of the vortex line penetration
below 7. This may indicate some common features as in recently found new type of superconductors, where
vortex state has been discussed?.

1]. M. Fukuda, et al., Phys. Rev. B 71, 212502 (2005); Nemirovskii, Phys. Rev. B 76, 224507 (2007).

2]. M. Kubota, et al., J Low Temp Phys, 158: 572 (2010); and to be published.

3]. A. Penzev, Y. Yasuta and M. Kubota, Phys. Rev. Lett. 101, 065301 (2008).

4]. Yayu Wang, et al., Phys. Rev. Lett. 95, 247002 (2005).

Keywords: quantum solid, supersolid state, vortex lines penetration, vortex fluid state, macroscopic
coherence
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Measurements of dielectric constant of solid helium 4

L. Yin%, J. S. Xia%, C. Huan?, N. S. Sullivan®, and M. H. W. Chan®

“National High Magnetic Field Laboratory, Department of Physics, University of Florida
®Department of Physics, The Pennsylvania State University

Careful measurements of the dielectric constant of solid “He have been carried out down to temperatures
as low as 35 mK, considerably lower than previous studies'. The samples were prepared from high purity
gas with 3He concentrations of the order of 200 ppb and were formed by the blocked capillary at constant
temperature. The molar volume of the samples was 20.24 cm3/mol. The dielectric constant of the samples
were found to increase continuously below 120 mK and tend to saturate at lower temperature. This feature
for the temperature dependence is very similar to the increase in the resonant frequency found in the torsional
oscillator studies? and also the increase found in the shear modulus measurements®. The increase in shear
modulus was interpreted to be associated with the stiffening of the dislocation network due to the condensation
of 3He impurities.

1. Chan, M. H. W., Ryschkewitsch. M., Meyer, H. (1977). "The Dielectric Constant in Liquid and Solid
Helium 4”. J. Low Temp. Phys. 26, 211.

2. Kim, E., Chan, M. H. W. (2004). ”Observation of Superflow in Solid Helium”. Science, 305, 1941.

3. Day, J., Beamish, J. (2007). “Low-temperature shear modulus changes in solid 4He and connection to
supersolidity”. Nature, 450, 853; Rojas, X., Pantalei, C., Maris, H. J., and Balibar, S. (2010). ”Acoustic
Properties of Solid 4He in the Limit of Zero Impurity”. J. Low Temp. Phys 158, 478.

Keywords: solid Helium 4, dielectric constant

Simultaneous measurements of the torsional oscillator anomaly and thermal conduc-
tivity in solid “*He

D. E. Zmeev and A. L. Golov

School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK

We report measurements of the AC rotational susceptibility of samples of solid “He grown in an annular cell
under different conditions. The quality of the samples was characterized by measuring the thermal conductiv-

ity below 300 mK, where it is controlled by phonon scattering off dislocations and grain boundaries. Samples
with two different >He impurity concentrations have been studied so far.

Keywords: solid helium, thermal conductivity, torsional oscillator
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Bilayer Hubbard model for *He: a cluster dynamical mean-field calculation

K. S. D. Beach® and E. F. Assaad®

“Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2G7
bInstitut fiir theoretische Physik und Astrophysik, Universitit Wiirzburg, Am Hubland, D-97074 Wiirzburg,
Germany

Inspired by recent experiments on bilayer He,! we consider a bilayer Hubbard model on a triangular lat-

tice. For appropriate model parameters we observe an enhancement of the effective mass as the first layer
approaches integer filling while the second remains partially filled. At finite temperatures this raise of the
effective mass — or equivalently the decrease of the coherence temperature — leads to a crossover to a state
where the first layer fermions localize, drop out of the Luttinger volume, and generate essentially free local
moments. This finite temperature behavior is shown to be robust against the cluster size. On the other hand,
the zero temperature phase diagram depends on the cluster topology. In particular for clusters with an even
number of unit cells, the growth of the effective mass is cut off by a first order orbital selective Mott transi-
tion. These results are obtained from a cluster dynamical mean-field calculation on an eight-site cluster with
a quantum Monte Carlo cluster solver. Part of the results appear in ref. 2.

1. M. Neumann, J. Nyéki, B. Cowan, and J. Saunders, Science 317, 1356 (2007).
2. K. S. D. Beach and F. F. Assaad http://arxiv.org/abs/0905.1127

Keywords: Bilayer >He
INVITED PAPER

Magnetic phase transitions in bee solid He

K. Kubo and T. Miura
Department of Physics, Aoyama Gakuin University, Sagamihara, Kanagawa, Japan

Bcc solid 3He is known to exhibit the uudd and the cnaf magnetic orders at low temperatures. The phase
transition between the uudd and the paramagnetic phases and that between the uudd and the cnaf phases are
established to be discontinuous. However, the phase transtion between the cnaf and the paramagnetic phases
seems to be not well understood. While the transition at a high magnetic field is known to be continuous, it
was reported to be discontinuous at a low magnetic field close to the triple point.> Therefore the existence
of a tricritical point is expected on the boundary between the cnaf and the paramagnetic phases. Though
some theoretical works supporting this experimental results have appeared,? the understanding of the phase
transition is still not quite firm.

We studied this problem by making use of Monte Carlo simulations of a classical spin model on the bcc lattice.
We studied the character of the phase transition by examinimng the energy histograms. For a parameter set of
the three-spin and the planar and the folded four-spin exchanges, we found that the energy histogram shows
two peaks near the pahse transition at a low magnetic field while it has only one peak at a high magnetic
field. This implies that the phase transtion changes from a discontinuous to a continuous one by increasing
the magnetic field. We will report the results for other set of parameters and compare them with experimental
results.

1. Osheroft, D.D. Physica 109 & 110 (1982) 1461; Sawada, A. et.al., Phys. Rev. Lett. 56 (1986) 1587; Xia,
J.S. et.al., Phys. Rev. Lett. 70 (1993) 1481.
2. Sun, et.al. J. Low Temp. Phys. 86 (1992) 303; Dubois, J. et. al., J. Low Temp. Phys. 98 (1995) 37.

Keywords: Magnetism, phase transition, quantum solid
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Spin Kkinetics of He in contact with synthesized PrF; nanoparticles

M. S. Tagirov?, E. M. Alakshin?, R.R. Gazizulin?, A.V. Egorov?, A. V. Klochkov?, S. L. Korableva“,
V.V. Kuzmin®, A.S. Nizamutdinov®, K. Kono?, A. Nakao®, and A.T. Gubaidullin®

“Faculty of Physics, Kazan (Volga region) Federal University, Kazan, Russia

PRIKEN, Wako, Saitama, Japan

“A.E. Arbuzov Institute of Organic and Physical Chemistry of Kazan Scientific Center of Russian Academy
of Sciences, Kazan, Russia

The resonance magnetic coupling between the nuclei of liquid >He and the 4! Pr nuclei of a finely dispersed
van Vleck paramagnet PrF3 powder with the grain size below 45um has been discovered at a temperature of
1.5 K with the use of a pulsed NMR technique®. Using of nanosized PrF3 powder would create a highly-
coupled *He - 41 Pr spin system and could show new aspects of discovered earlier effect. The nanosized PrF3
sample was synthesized using methods, described in 2. The X-ray and HRTEM experiments showed high
crystallinity of synthesized sample. Comparison of enhanced '4'Pr NMR spectra in microsized® (45 ym) and
nanocrystalline PrF3 powder is represented. Experimental data on spin kinetics of *He in contact with PrF3
nanoparticles are reported.

This work was partly supported by the Ministry of Education and Science of the Russian Federation Federal
Program Research and Research Pedagogical Staff of Innovative Russia

1. A.V. Egorov et al., (2007), JETP Letters, Vol. 86, No. 6, pp. 416
2. L. Ma et al., (2007), Materials Letters, Vol. 61, 2765

Keywords: He-3, surface, surface effect, cross-relaxation, magnetic coupling, van Vleck

The study of the system ”aerogel->He” by radiospectroscopy methods

M.S. Tagirov?, D.A. Tayurskii®, A.V. Klochkov?, V.V. Kuzmin®, A.A.Rodionov?, G.V. Mamin®,
E.M. Alakshin®, R.R. Gazizulin®, K. Kono®, A. Nakao®, and N. Mulders®

“Faculty of Physics, Kazan (Volga region) Federal University, Kazan, Russia
YRIKEN, Wako, Saitama, J apan
“Physics and Astronomy Depatment, University of Delaware, Newark, USA

This work is an reveiw of our experimental data on the study of an aerogel (powder and bulk) in contact
with 3He at temperatures above Fermi temperature. Intrinsic and X-ray induced paramagnetic centers have
been studied by EPR methods. The spin kinetics of normal >He in adsorbed, gaseous and liquid phases has
been studied by pulse NMR. It has been shown dominating role of nuclear magnetic relaxation processes
in adsorbed layer for relaxation of whole He spin system in contact with an aerogel. The processes of a
physical adsorption of 3He molecules on an aerogel surface and its influence on nuclear magnetic relaxation
are being discussed. Significant influence of >He adsorbed layer preparation routine on adsorbed *He nuclear
magnetic relaxation found out. The HRTEM images of the aerogel samples are presented.

This work is supported by Russian Fund for Basic Research (grant N 09-02-01253).

Keywords: Aerogel, NMR, EPR, He-3, surface, surface effect
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Suppression of amplitude noise in cavity-driven oscillations of a nanomechanical res-
onator

A. D. Armour and D. A. Rodrigues
School of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2RD, U.K.

We analyze the dynamics of a nanomechanical resonator parametrically coupled to a microwave or optical
cavity when the latter is driven at a frequency above resonance. For sufficiently strong coupling, the resonator
undergoes limit-cycle oscillations'. Using an approach based on the truncated Wigner function we investigate
the noise properties of the resonator within the limit-cycle states?. We find that at a given temperature the
limit-cycle oscillations have lower amplitude noise than states of the same average amplitude excited by a
pure harmonic drive; for sufficiently low thermal noise a sub-Poissonian resonator state can be produced.
Comparison with a numerical solution of the quantum master equation of the system shows that the truncated
Wigner function provides a good description of the resonator’s behaviour within the limit-cycle states though
it is noticeably less reliable in the vicinity of the onset of the oscillations.

1. F. Marquardt, J. G. E Harris and S. M. Girvin, Phys. Rev. Lett. 96, 103901 (2006).
2. D. A. Rodrigues and A. D. Armour, Phys. Rev. Lett. 104, 053601 (2010).

Keywords: nanomechanical resonator, optomechanics, quantum dynamics

Scheme to probe the quantum dynamics of a mesoscopic mechanical resonator

A.D. Armour?, M. P. Blencowe?, and A. J. Rimberg®

@School of Physics and Astronomy, University of Nottingham, UK
®Department of Physics and Astronomy, Dartmouth College, USA

We describe experimental and theoretical progress towards realising a circuit QED based scheme to generate
and detect decohering quantum superpositions of a mesoscale mechanical resonator. The scheme involves
driving the mechanical resonator into oscillation such that a Cooper pair box qubit initially prepared in a
superposition of charge-degenerate states rapidly becomes entangled with separated position states of the
resonator. The state of the qubit-resonator system is probed through its affect on the microwave mode of a
superconducting coplanar waveguide (CPW) resonator to which the qubit electromagnetically couples.

An unusual feature of our circuit QED-mechanical resonator scheme is the application of a DC voltage bias
to the centre conductor of the CPW via an inductor bias ‘tee’. The latter ensures the necessary strong cou-
pling between the qubit and mechanical resonator, without significantly affecting the quality factor of the
probed several GHz microwave mode. As an intermediate stage, we also show how the simpler DC biased
circuit QED setup without the mechanical resonator affords the possibility to investigate the quantum-versus-
classical dynamics of a low noise, strongly nonlinear self-oscillating system that is distinct from the usually
considered Duffing oscillator.

Keywords: Nanoelectromechanical systems, superconducting qubits, microwave resonators, deco-
herence, nonlinear dynamics
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Graphene membranes for cryogenic NEMS

A. Allain and V. Bouchiat
Institut Néel, CNRS-Grenoble, 25 av. des Martyrs, F38042 Grenoble Cedex 09

Graphene is a very promising material for implemeting nano- electromechanical resonators as it combines
extremly low mass, very high young modulus (1TPa) and tunable charge density with excellent mobilities.
We present experimental study of graphene membrane resonators obtained by the controlled underetching of
Graphene transistors. Actuation is realized by RF irradiation on the gate while measurement of the mechanical
motion is obtained by heterodyne frequency mixing followed by lock-in detection. The observed resonances
for micron-scale doubly clamped membranes is of several tens of MHz with a quality factor of 500 at room
temperature. A DC voltage applied on the gate induces a tension within the membrane which allows to
continously tune the resonant frequency on a wide range (typically 50-100 MHz). Perspective to use these
devices at low temperature and within the quantum regime will be presented.

Keywords: Graphene, high-frequency mechanics, cryogenics evironment

Putting the mechanics into quantum mechanics

A. N. Cleland
Department of Physics, University of California, Santa Barbara CA

This talk will describe a recent experiment demonstrating the operation of a mechanical resonator in its quan-
tum ground state, and further showing that single phonons can be swapped into and out of the resonator!-2.
The experiment relies on the use of a microwave-frequency mechanical resonator, whose fundamental dilata-
tional mechanical mode, at above 6 GHz, is sufficiently high to permit cooling this mechanical mode to its
ground state using a conventional dilution refrigerator. The resonator state is measured using a superconduct-
ing qubit, which we have developed for quantum computation. We show by using the qubit as a quantum
thermometer that the resonator is indeed in its quantum ground state, and further use the qubit to swap sin-
gle phonons between the qubit and resonator. We use this ability to measure the resonator’s single phonon
energy relaxation time (7%), and further create a mechanical superposition state, allowing us to estimate the
resonator’s phase coherence time (7%).

1. Cleland, A. N. and Geller, M. R. (2004). “Superconducting qubit storage and entanglement with nanome-
chanical resonators”. Phys. Rev. Lett. 93, 070501.

2. O’Connell, A. D. et al. (2010). “Quantum ground state and single phonon control of a mechanical
resonator”’. Nature 464, 697-703.

Keywords: mechanical resonator, quantum ground state, phonon, qubit
INVITED PAPER
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A tunable hybrid electro-magnetomotive NEMS device for low temperature physics

E. Collin, T. Moutonet, J.-S. Heron, O. Bourgeois, Yu.M. Bunkov, and H. Godfrin

Institut Néel
CNRS et Université Joseph Fourier,
BP 166, 38042 Grenoble Cedex 9, France

Microfabrication techniques have made possible the realization of mechanical devices with dimensions in
the micro- and nano-scale domain. At low temperatures, one can operate and study these devices in well-
controlled conditions, namely low electrical noise and cryogenic vacuum, with the ability to use high magnetic
fields and superconducting coating metals'. Moreover, the temperature turns out to be a control parameter
in the experimental study of mechanical dissipation processes, with the cryogenic environment ensuring that
only low energy states are thermally populated. Immersed in a quantum fluid, these MEMS and NEMS
devices (micro and nano elecro-mechanical systems) can probe the excitations of the liquid at a smaller scale,
with higher frequencies and better resolution than “classical” techniques®. We present experimental results
obtained in vacuum on cantilever NEMS structures which can be both magnetomotive and electrostatically
driven. The device is extremely sensitive with resolved displacements down to 1 A using conventional room-
temperature electronics. It is calibrated in-situ, and frequency/non-linearity can be tuned electrostatically.
The design allows parametric amplification to be used.

1. E. Collin et al., J. of Low Temp. Phys. 150, p. 739 (2008). 2. S. Triqueneaux et al., Physica B 284, p. 2141
(2000).

Keywords: mechanics, NEMS, device, non-linearity

Detecting phonon blockade with photons

N. Didier?, S. Pugnetti®, Y. M. Blanter?, and R. Fazio®

“NEST, Scuola Normale Superiore and Istituto di Nanoscienze - CNR, Pisa, Italy
YKavli Institute of Nanoscience, Delft University of Technology, The Netherlands

By proper designing the coupling between a Cooper pair box and a nano-mechanical resonator, it is possible
to reach a sufficient level on non-linearity as to make the experimental observation of phonon blockade pos-
sible. We show that phonon blockade can be observed by measuring the statistics of the light in a microwave
superconducting resonator capacitively coupled to the mechanical mode. The underlying reason is the forma-
tion of an entangled state between the two resonators, ensuring a perfect match between the phonon dynamics
and the photon statistics. Our scheme does also offer a way to prepare and detect entangled states between
phonons and photons.

Keywords: Nano electromechanical systems, circuit quantum electrodynamics, entanglement
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Characterization of MEMS devices for the study of superfluid helium films

M. Gonzdlez, Y. Lee, P. Bhupathi, B.H. Moon, P. Zheng, G. Ling, and H.B. Chan
Department of Physics, University of Florida, U.S.A.

Measurements on the mechanical properties of MEMS resonators were performed to characterize such de-
vices from room down to low temperatures. Using state-of-the-art silicon integrated circuit technology, we
have designed, fabricated, and manufactured resonators consisting of pairs of parallel plates with a well-
defined gap whose size can be controlled with high accuracy down to the sub-micron range. A full study
of resonance properties at various temperatures and pressures were performed. We will discuss the details
of design, fabrication, and operation. These studies open up a window of opportunities to look for novel
phenomena in quantum fluids such as in superfluid He films.

Keywords: superfluid films, MEMS, low-temperature devices

Quantum opto-mechanics: how to use micromechanics in quantum experiments
S. Groblacher and M. Aspelmeyer

Quantum Optics, Quantum Nanophysics and Quantum Information, Faculty of Physics, University of Vienna,
Boltzmanngasse 5, 1090 Vienna, Austria, Europe.

Micro- and nanomechanical resonators are gradually becoming available as new quantum systems. Their
size and mass allow access to a completely new parameter regime for macroscopic quantum experiments,
and quantum optics provides a well-developed toolbox to achieve this. We report our latest results on laser
cooling micromechanical resonators, both in the weak and in the strong coupling regime. We also discuss
the possibility to generate opto-mechanical quantum entanglement, which is at the heart of Schrodinger’s cat
paradox.

Keywords: quantum mechanics, optics, mechanics
INVITED PAPER
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Nanomechanical measurements of a superconducting qubit

M.D. LaHaye
Department of Physics, Syracuse University

There is a rapidly growing effort to integrate quantum technologies with mechanical systems in order to
manipulate and measure quantum states of mechanics for applications ranging from quantum computing to
sensing of weak forces to the study of foundational questions in quantum mechanics. In this talk, I will report
on our measurements of a novel nanoelectromechanical system, in which the flexural motion of a mechanical
structure is coupled to the charge degree of freedom of a superconducting charge qubit, also known as a
Cooper-pair box (CPB). I will discuss how the interaction with the CPB produces a CPB-state-dependent
shift in the frequency of a flexural mode of the mechanics, which is similar to the single-atom phase shifts
experienced by electromagnetic resonators in the dispersive limit of cavity quantum electrodynamics (CQED).
Results will be shown that demonstrate the use of this dispersive shift for performing spectroscopy and read-
out of quantum interference effects in the CPB and for parametric amplification of mechanical motion. In the
end, I will discuss the prospects of utilizing the CPB-coupled nanoresonator for probing the quantum regime
of nanomechanics.

Keywords: NEMS, superconducting qubits, quantum measurement
INVITED PAPER

Dissipation in high-stress silicon nitride nanomechanical resonators at low tempera-
tures

K. J. Lulla, A. Venkatesan, M. J. Patton, A. D. Armour, C. J. Mellor, and J. R. Owers-Bradley
School of Physics and Astronomy, University of Nottingham, UK

The understanding of dissipation in nanomechanical resonators is important for device applications and to
study quantum mechanical effects in such systems. However, despite a range of experiments on semiconducting®
and metallic? devices, dissipation in nanomechanical resonators at low temperatures is not yet well under-
stood. Here we present measurements of dissipation in high-stress silicon nitride nanomechanical resonators
at low temperatures. The resonators were fabricated as doubly-clamped beams with a layer of gold on top
using a combination of optical lithography, electron-beam lithography and dry etching. The motion of the res-
onators was actuated and detected using the magnetomotive technique®. Four beams with frequencies ranging
from 4 to 60 MHz were measured at low temperatures obtaining quality factors in the range of 10° — 106,

1. G. Zolfagharkani et al., Phys. Rev. B 72, 224101 (2005); M. Imboden and P. Mohanty, Phys. Rev. B 79,
125424 (2009).

2. A. Venkatesan et al., Phys. Rev. B 81, 073410 (2010); F. Hoehne et al., Phys. Rev. B 81, 184112 (2010).

3. A. Cleland and M. L. Roukes, Sensors and Actuators A 72, 256 (1999).

Keywords: dissipation, silicon nitride, magnetomotive
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Resonant magneto-conductance through a vibrating nanotube
G. Rastelli%, M. Houzet¢, and F. Pistolesi®

“LPMMC, Université Joseph Fourier & CNRS, F-38042 Grenoble, France
bCEA, INAC, SPSMS, F-38054 Grenoble, France
¢CPMOH,Université de Bordeaux I & CNRS, F-33405 Talence, France

We address the electronic resonant transport in presence of a transverse magnetic field through the single level
of a suspended carbon nanotube acting as a quantum oscillator. We predict a negative magneto-conductance
with a magnetic-field induced narrowing of the resonance line and a reduction of the conductance peak when
the nanotube is asymmetrically contacted to the leads. At finite bias voltage we study the threshold for
phonon-assisted transport.

1. G. Rastelli, M. Houzet, and F. Pistolesi, Europhys. Lett., 89, 57003 (2010).
Keywords: NEMS, quantum transport, Aharanov-Bohm effect, theory

Noncontact nanoscale friction probed by low temperature lateral force spectroscopy
K. Saitoh, K. Hayashi, Y. Shibayama, and K. Shirahama
Department of Physics, Keio University, Yokohama 223-8522, Japan

Nanotribology, namely, friction on nanoscale, has been of great interest both in basic physics and in N(M)EMS-
based nanotechnology. On nanoscale, friction is observed even if two bodies are not in atomically contact.
This “noncontact friction” has been observed using ultrasoft cantilevers as a moving body. Although the
observed friction coefficient I' is small (~ 10712 kg/s)!, it is 7 or 8 orders of magnitude larger than any
theoretical predictions.

We have measured a noncontact friction down to 4 K by our low-T' frequency-modulation atomic force
microscope employing a quartz tuning fork cantilever with a PtIr tip?. NbSe, and SrTiO3 are employed as
the opposite bodies, which are chosen as typical metallic (superconducting) and insulating surfaces. I'’s are
~ 10~* kg/s, which is 8 orders of magnitude larger than the previous soft cantilever studies. Surprisingly,
I' at low temperatures shows a maximum when the tip-sample distance d is about 5 nm. The maximum in
I" is observed on both NbSe, and SrTiOsg, so it seems a universal phenomenon. Moreover, the I' maximum
is accompanied with an increase in the effective spring constant k of the tuning fork cantilever. The overall
behavior of I" and k bears a striking resemblance to the Debye-like relaxation response. A phenomenological
model in terms of d-dependent relaxation time is proposed. Our finding suggests a novel, yet unknown,
mechanism in the noncontact friction.

1. B. C. Stipe et al., Phys. Rev. Lett. 87, 096801 (2001). 2. K. Saitoh et al., J. Low Temp. Phys. 150, 561
(2008); J. Phys. Conf. Series 150, 012039 (2009).

Keywords: Nanotribology, noncontact friction, Scanning Probe Microscopy
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Strong gate coupling of high-Q nanomechanical beam resonators

J. Sulkko?, M. A. Sillanp#a®, P. Hiakkinen?, L. Lechner®, M. Helle?, A. Fefferman®, J. Parpia®, and
P. J. Hakonen®

@Aalto University, School of Science and Technology, Low Temperature Laboratory, Finland
bUniverSity of California, Berkeley, California 94720, USA
“Department of Physics and LASSP, 608 Clark Hall, Cornell University, Ithaca NY 14853-2501 USA

The detection of mechanical vibrations near the quantum limit is a formidable challenge since the displace-
ment becomes vanishingly small when the number of phonon quanta tends towards zero. An interesting setup
for on-chip nanomechanical resonators is that of coupling them to electrical microwave cavities for detection
and manipulation. In this work we show how to achieve a large cavity coupling energy of up to 1 MHz/nm for
metallic beam resonators at high mechanical frequencies of 30-120 MHz. We used focused ion beam (FIB)
cutting to produce uniform slits down to 10 nm, separating patterned resonators from their gate electrodes,
in suspended aluminum films. We measured the thermomechanical vibrations down to a temperature of 25
mK, and we obtained a low number of about twenty phonons at the equilibrium bath temperature. The me-
chanical properties of Al were excellent after FIB cutting and we recorded a quality factor of Q ~ 3 x 10°
for a 67 MHz resonator at a temperature of 25 mK. Between 0.2K and 2K we find that the dissipation (Q 1),
is linearly proportional to the temperature. Below 0.2 K, both the dissipation and resonant frequency show
only a weak temperature dependence, with thermal decoupling being ruled out as an explanation. Different
mechanisms that produce a linear T dependence are discussed.

This research was supported jointly by the NSF under DMR-0908634 (Materials World Network) and by the
Academy of Finland.

Keywords: nanomechanics, quantum limit, dissipation, focused ion beam
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Ac susceptibility and magnetization hysteresis loops of a thin current-carrying super-
conducting disk with B-dependent J,

A. A. Babaei-Brojeny and M. Sohrabi
Department of physics, Isfahan University of Technology, Isfahan 84156-83111, Iran

In this paper, in the framework of the critical state model (CSM), the real and imaginary parts of ac suscepti-
bility and also the magnetization hysteresis loops of a thin current-carrying superconducting disk for the Bean,
Kim, and Exponential models of the local field-dependent critical current density J.(B) are calculated. The
results are also compared with one another and also with those obtained in the absence of a radial transport
current to search for the changes.

Keywords: Magnetization, Hysteresis loops, superconductivity

Low temperature spin wave excitations
in(Nd,Y;_,)2/3Ca;sMnO;3 (z = 0,0.1) CMR compounds

A. Feher®, S. N. Dolyab, E. Fertman®, M. Kajnakova®, J. éebekc, and E. Santava®

%Centre of Low Temp. Physics of the Faculty of Science UPJ S and IEP SAS,
bKharkov, Institute for Low Temperature Physics and Engineering NASU, 61103, Kharkov, Ukraine
“Institute of Physics of AS CR, 18221 Prague, Czech Republic

We have studied the low temperature specific heat of the colossal magnetoresistance compounds (CMR)

(NdzY1-2)2/3Ca; ,3sMnO3 (z = 0,0.1) for 0.4 < T < 2 K in magnetic field. Applied magnetic fields lead
to the drop of the low temperature specific heat by more than two orders, which implies a large magnetic
contribution. Experimental data were successfully fitted by the sum C (H,T) = C hyp + Csa + Crew, where
Chyp = D (H) - T~2 is the hyperfine contribution, Csg = y(H) - T is a linear T" - dependent term , and

Ctsw =a(H)- T3/2 . exp (—#) is the ferromagnetic spin waves contribution caused by the magnetic
ordering of Nd ions in the effective magnetic field of Mn subsystem, (A (H ) — is a spin-wave gap in K ). The
linear term y(0) = 20 JK~2mol ! attributed to the magnetic glass state of the insulating compounds studied

in [1] rapidly decreases with H increasing up to 5 T: v (H) = v (0) - exp (inc>
provides the best fitting of experimental data. It has been attributed to the ferromagnetic ordering with the
anisotropy induced gap in the spin-wave spectrum which is similar to the gap induced by the applied magnetic
field. The value of A (0) is approximately the same (0.8 K) for both studied compounds and A then increases

with increase of H: - A (H) = 0.2 KT~L.
1. E. Fertman, et al., J. Magn. Magn. Mater. 321, 316 (2009).

Keywords: specific heat, spin-wave excitations, magnetic glass

The C4y, contribution

162



16 MAGNETISM, SUPERCONDUCTIVITY, QUANTUM COHERENCE

Neutron scattering experiments with the unconventional superconductor U Pt3
W. J. Gannon?, W. P. Halperin?, M. R. Eskildsen®, and P. Dai¢

“Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, USA
bDepartment of Physics, University of Notre Dame, Notre Dame, IN 46556, USA
“Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA

The superconductor U Pt3 has long been thought to have an unconventional order parameter (OP). Most of
the experimental and theoretical evidence points to a triplet state with Fs,, symmetry and strong spin-orbit
coupling!. However, there are discrepancies with this conclusion. As a notable example, measurements of
the anisotropy of the upper critical field H.o, and the OP they suggest, are in conflict with measured NMR
Knight shifts. Because of the unconventional nature of U Pts, all surface scattering is pair breaking and can
potentially complicate experimental measurements and thus their theoretical interpretations. Measurements
that minimize interactions with a sample’s surface are an extremely important tool for studying the super-
conducting state. Neutron scattering is one such technique and can help to illuminate the bulk properties of
U Pts. Preliminary small angle neutron scattering results to test time-reversal symmetry breaking predictions
in the superconducting B-phase will be presented along with other areas of interest — such as the interplay
between magnetism and superconductivity and the pseudo-spin portion of the OP — that will be examined
using neutron scattering. Support for this work from the DOE, grant DE-FG02-05ER46248, is gratefully
acknowledged.

1. J. D. Strand et. al., “The Transition Between Real and Complex Superconducting Order Parameter Phases
in U Pt3,” Science, 328, 1368 (2010).

Keywords: superconductivity, unconventional pairing, neutron scattering

Diagrammatic Monte Carlo for correlated fermions

E. Kozik®, K. Van Houcke? ¢, E. Gull?, L. Pollet®¢, N. Prokof’ev®/, B. Svistunov®/, and M.
Troyer®

“Institute for Theoretical Physics, ETH Zurich, CH-8093 Zurich, Switzerland

®Department of Physics, University of Massachusetts, Amherst, MA 01003, USA

“Universiteit Gent - UGent, Vakgroep Subatomaire en Stralingsfysica, Proeftuinstraat 86, B-9000 Gent, Bel-
gium

dDepartment of Physics, Columbia University, New York, NY 10027, USA

“Physics Department, Harvard University, Cambridge, Massachusetts 02138, USA

fRussian Research Center “Kurchatov Institute”, 123182 Moscow, Russia

We show that Monte Carlo sampling of the Feynman diagrammatic series (DiagMC) can be used for tackling
hard fermionic quantum many-body problems in the thermodynamic limit by presenting accurate results
for the repulsive Hubbard model in the correlated Fermi liquid regime. Sampling Feynman’s diagrammatic
series for the single-particle self-energy we can study moderate values of the on-site repulsion (U/t ~ 4) and
temperatures down to 7'/t = 1/40. We compare our results with high temperature series expansion and with
single-site and cluster dynamical mean-field theory.

Keywords: correlated systems, Hubbard model, quantum Monte Carlo
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Probing photon coupling strengths in one-dimensional arrays of Josephson junctions
at microwave frequencies

S. Liou and W. Kuo
Department of Physics, National Chung Hsing University, Taichung, 402, Taiwan

In this work experiments were done on probing photon coupling strength in one-dimensional(1D) arrays of
Josephson junctions at microwave frequencies. For better coupled to the microwave photons, the 1D arrays
were placed in a broad-band waveguide on the substrate. Two methods were used to investigate this problem:
The first one is the dc response, namely the photoresistance of 1D arrays under a microwave irradiation,
and the second one is the transmission of microwave photons after device-photon interaction. Both methods
provide the photon coupling strength when the 1D array undergoes a magnetic-field tuned superconductor-
insulator transition.

Keywords: phase transition, Josephson junctions, microwave

Generalized BCS equations for composite superconductors obtained via a Bethe-Salpeter
equation: an overview

G.P. Malik
Theory Group, School of Environmental Sciences, Jawaharlal Nehru University, New Delhi 110067, India

We recall that: (1) While all agree that superconductivity occurs due to the formation of Cooper pairs (CPs),
the pairing-mechanism for composite supercoductors (CSs) remains an enigma. (2) Pairing interaction in the
BCS theory is fixed by appealing to either the equation for T, or the equation for A(0) (and not by first
principles), an approach that can also be followed for CSs via the generalized-BCS equations' (GBCSEs);
these are obtained via a Bethe-Salpeter equation with a kernel that resembles a superpropagator, and the
equality:|WW(0)| =|A(0)|, where W is the binding energy , and A the gap. (3) GBCSEs seem to yield sensible
results?3 for various CSs, and that (4) An extension of this framework,* incorporating Landau quantization,
sheds new light on de-Haas van-Alphen oscillations and re-entrant superconductivity. We propose to present
here a further extension of GBCSEs to deal with the CPs that have non-zero c.m. momentum, aimed at
calculating critical currents.

1. G.P. Malik, On the equivalence of the binding energy of a Cooper pair and the BCS energy gap: a frame-

work for dealing with composite superconductors, IIMPB 24 (2010) 1159.

2. G.P. Malik, Generalized BCS equations: Applications, IMPB (scheduled issue: Sep 2010).

3. G.P. Malik and Usha Malik, A study of the Tl-, and Bi-based high-temperature superconductors in the

framework of the generalized BCS theory, accepted for publication in JSNM .

4. G.P. Malik, On Landau quantization of Cooper pairs in a heat bath, Physica B, 2010 (DOI No. 10.1016/j.physb.2010.05.026).

Keywords: Generalized BCS equations, composite superconductors
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Quantum Processes in superconducting-magnetic Josephson junctions
J. A. Sauls?, E. Zhao®, and T. Lofwander®

“Department of Physics and Astronomy, Northwestern University, Evanston, Illinois, USA
®Department of Physics and Astronomy, George Mason University, Fairfax, VA, USA
“Department of Microtechnology & Nanoscience, Chalmers University of Technology, Goteborg, Sweden

I discuss the theory of nonequilibrium transport in Superconductor-Ferromagnet-Superconductor (SFS) Joseph-
son point contacts and weak links. Andreev bound states, multiple Andreev reflection and Spin Mixing (uni-
tary spin dynamics induced by the SF interface) lead to unique signatures in the transport of charge, energy
and spin in these devices. I illustrate these processes with three examples: (i) resonant heat transport, (ii)
resonant spin transport in SFS junctions and (iii) long-range spin-transfer torques in coupled SFNFS devices.
The latter could provide the basic element for constructing a new class of spintronic devices with quantum
control.

Keywords: Superconductivity, Josephson Junction, Josephson Weak Link, Quantum Device, Nonequi-
librium Transport, Andreev Bound State, Branch Conversion
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Magnetic resonance in spin-liquid and ordered phases of spin-1/2 antiferromagnet on
the anisotropic triangular lattice

A.L Smirnov®, K.Yu. Povarov®, S.V. Petrov®, and A.Ya. Shapiro®

“P.L. Kapitza Institute for Physical Problems RAS, 119334 Moscow, Russia
bA.V. Shubnikov Institute for Crystallography RAS, 119333 Moscow, Russia

The spin system of CsyCuCly is formed by localized S=1/2 spins coupled antiferromagnetically within 2D
layers with distorted triangular lattice. This magnet remains in a quantum spin-liquid state at temperatures far
below Curie-Weiss temperature 4 K and exhibits a transition with a spiral ordering only at Tx=0.6 K.!. We
studied spin excitations in CsyCuCly by means of electron spin resonance at temperatures down to 0.05 K in
the range 9-140 GHz. An unexpected energy gap of about 10 GHz and a splitting of spin excitation mode were
found for the spin-liquid phase. This differs drastically from a conventional antiferromagnet, having a single
gapless mode above T. The observed gap is presumably due to Dzyaloshinsky-Morya (DM) interaction,
analogous to a gap in 1D S=1/2 spin-chains with DM interaction.? The nature of the observed splitting is
not clear. Below Ty we have found a multibranch spectrum, coexisting with a mode at the paramagnetic
resonance frequency. This unusual mode is proposed to be a ’spinon”-type spin resonance of excitations
within the spin-liquid continuum, which is known to remain below 7. Other modes of spin excitations of
the ordered phase may be well described by a macroscopic approach for a spiral magnet in a low field range.
Excitations observed in high field phases remain unclassified.

1. R. Coldea, D. A. Tennant, Z. Tylchinsky, Phys. Rev. B 68, 134424 (2003).
2. M. Oshikawa, 1. Affleck, Phys. Rev. B 60, 1038 (1999).

Keywords: quantum spin liquids, 2D spin systems, frustrated antiferromagnet
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CMN1000: a fast, accurate and easy to use thermometer
for the range 10 mK - 2 K

W. A. Bosch?, O. W. B. Benningshof”, and R. Jochemsen®

“HDL, P.O. Box 691, 2300 AR Leiden, The Netherlands
bKamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

A CMNI1000 magnetic susceptibility thermometer was developed to support thermometry alongside the
SRD1000, a superconductive reference device for transferring the PLTS-2000. The physical dimensions and
electrical signals of the CMN1000 sensor integrate well with those of the SRD1000. The parameters of the
thermometer are easy to calibrate using the points of the reference device. We report on recent measurements
of the sensitivity, reproducibility and response time of the thermometer in the range from 10 mK to 2 K. The
results show that the CMN1000 is sufficiently fast and accurate to support precision thermometry.

Keywords: Thermometry, PLTS-2000, SRD1000

Research capabilities in quantum fluids and solids at the Spallation Neutron Source

S. Diallof, L. Solomon, J. Carmichael, E. Robles, A. Church, D. Abernathy, G. Ehlers, and L.
Santodonato
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

The Spallation Neutron Source (SNS) is an accelerator-based neutron source located in Oak Ridge, TN at
the site of Oak Ridge National Laboratory. SNS is a unique facility that is providing the neutron scattering
community world-wide with unprecedented research opportunities, to carry-out experiments in almost every
scientific field. The capabilities of SNS allow for measurements of greater sensitivity and higher resolution,
or in more complex sample environments than have been possible at existing neutron facilities. SNS has a
world-class suite of 25 instruments either being planned, under construction, or in operation. We here briefly
review selected instruments at SNS that are suitable for the studies of quantum fluids and solids (QFS), such
as the ARCS wide-angle spectrometer, the high resolution BASIS silicon backscattering spectrometer and the
CNCS cold-neutron instrument. In order to facilitate and diversify the experimental capabilities at SNS, the
sample environment team, in collaboration with instrument staff, has initiated a program to design and build
unique equipments dedicated to QFS studies. In particular, a large volume (100-150 cc) bridgman-type helium
cell that can be taken to 100 bars has recently been constructed. Such a large volume is desirable in view of the
relatively low “He scattering cross-section and moderate neutron flux. A cryostat large enough to accomodate
the cell that has a base (empty cell) temperature of 30 mK is also being commissioned. Investigations of Bose-
Einstein condensate and the elementary excitations in “He and *He-*He mixtures are being planned.

Contact: T omardiallos@ornl.gov

Keywords: Neutron scattering, Elementary Excitations, BEC
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Quantum rotation sensors: relative merits of devices using photons, cold atoms and
superfluid helium

A. Joshi and R. Packard
Department of Physics, University of California, Berkeley CA, USA

Quantum interferometers have been used to measure rotation by virtue of the Sagnac effect, which couples
a rotation field to the phase of the effective wavefunction. Gyroscopes using coherent light, cold atoms or
superfluid helium have been made and tested, with varying strengths and weaknesses. In this poster, we give
a brief survey of quantum gyroscopy with an emphasis on the fundamental differences between these three
approaches.

Keywords: superfluid, helium, cold atoms, laser gyro, gyroscope, interferometer

Magnetization measurements and surface observation of Grafoil substrate
M. Morishita
Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8751, Japan

3He films adsorbed on graphite substrates have been vigorously investigated. However, heat transfer mech-
anisms between >He films and graphite substrate have not understood yet. Results of thermal conductivity
measurements have revealed that heat flows along the 3He solid films over a long distance and then flows into
the graphite substrate at some local spots [1]. Plausible candidate of these local spots is impurity clusters in
graphite substrate. Diameter of impurity clusters must be larger than several-hundreds-nm so as to exchange
heat with 3He films as magnon or phonon at sub-mK temperature range. However, existence of such large
clusters is quite questionable. Although contents of some impurities have been reported from the ash analysis
for the actual graphite substrate, Grafoil [2], configuration of impurities has not been clarified. In this re-
port, results of surface observations of Grafoil by a scanning electron microscope (SEM), analyses by energy
dispersive X-ray spectroscopy (EDS), and magnetization measurements are shown. Impurity clusters with
diameter of 1-10 um containing Al, Ca, Si, Fe, etc. are observed at exfoliated surfaces of Grafoil. Ferro-
magnetism is also observed after subtraction of a diamagnetic contribution. The saturation magnetization is
several times larger than that of HOPG [3], and coincides with the amount of magnetic impurities reported
from the ash analysis [2].

1. M. Morishita, J. Low Temp. Phys. 158, 666 (2009).
2. The data sheets of Grafoil by Union Carbide Corporation.
3. P. Esquinazi et al., Phys. Rev. B 66, 024429 (2002).

Keywords: Grafoil, magnetization, scanning electron microscope, energy dispersive X-ray spec-
troscopy
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On sound emission of quartz tuning forks in liquid helium

L. Skrbek?, D. Schmoranzer®, G. Sheshin®, M. La Mantia®, M. Rotter®, V. Chagovetsb, L. Gritsenko?,
A. Zadorozhko?, and E. Rudavskii®

?Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, 121 16, Prague, Czech Republic
YB. Verkin Institute for Low Temperature Physics and Engineering, 47 Lenin Ave., 61103, Kharkov, Ukraine

Commercially produced quartz tuning forks have recently become a widely used tool in quantum fluids re-
search. By measuring the resonance characteristics of these sensitive devices valuable information on the
kinematic viscosity, cavitation, transition to classical and quantum turbulence has been obtained for 4He, 3He
and “He - >He mixtures. While for tuning forks oscillating at relatively low frequencies (in many cases for the
most common 32 kHz ones as well, except at very low temperatures), the losses due to acoustic emission of
first sound could usually be neglected, however, for higher frequency forks (e.g., 77 kHz and 100 kHz forks
available to us), acoustic emission becomes the dominant dissipative process. We present a systematic exper-
imental study over a wide temperature range including the zero temperature limit in gaseous, normal liquid
and superfluid “He as well as in *He - *He mixtures backed up by theoretical considerations, demonstrating
clearly the relative importance of acoustic emission and laminar viscous/ballistic drag for various types of
tuning forks in “He. Moreover, experimental evidence is presented that in superfluids forks affect each other
via their acoustic velocity fields.

Keywords: quartz tuning fork, sound emission, cryogenic helium

Development of a *He refrigerator for possible experiments of solid “He on a small jet
plane

T. Takahashi, M. Suzuki, R. Nomura, and Y. Okuda
Department of Physics, Tokyo Institute of Technology, Japan

So far the gravity on the Earth(gg) has not been taken seriously to mask the fundamental phenomena on quan-
tum solids and liquids, except for some critical phenomena of superfluid *He. We are planning to investigate
the effect of gravity on the equilibrium shape of solid *He, which has never been considered. Motivated
by this idea, we got started to construct a cryostat which produced as low as 500 mK and met the severe
restrictions of a jet plane.

The refrigerator was a usual *He-evaporator pumped by a scroll pump. A small GM refrigerator was installed
to provide 4K stage. 1K pot was put in which was also pumped by another scroll pump to condense *He
gas and sample “He. The cryostat was designed to have two optical windows to be able to observe solid “He
under microgravity.

In the test flight for the cryostat, the minimum temperature of 690mK was kept during the entire flight of two
hours. About 20 seconds microgravity and also 20 seconds 1.5-2.0gg period before and after the micrograv-
ity did not affect the cooling parformance. We did some preliminary experiments with bce solid “He under
microgravity. The crystal was remained stuck to the bottom of the sample cell even in the 20 seconds micro-
gravity condition. At the conference we would present a further progress together with cryogenics details and
some pictures of solid “He.

Keywords: microgravity, jet plane, parabolic flight, “He
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Magnetically driven cold shutters for measuring the influence of 300 K radiation on
an optical cryostat

P. E. Wolf%, M. Melich®, R. Boltnev®, F. Bonnet®, and L. Guyon®

“Institut Néel CNRS-UJF , BP 166, F-38042 Grenoble Cédex 9, France
bInstitute of Energy Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow
region, 142432, Russia

We describe a simple and compact magnetic system to move metallic shutters inside an optical cryostat, based
on a large permanent magnet located outside the cryostat. We use this system to probe the effect of 300 K
thermal radiation transmitted through the observation windows on the temperature of our sample. We con-
clude that, as predicted from the separately measured IR transmission of our windows, the corresponding heat
load is less than 1 W. We discuss the relevance of this result to the operation of optical dilution refrigerators.

Keywords: Aerogels, optical cryostat, infrared radiation, infrared filters, low temperature shutters

Torsional oscillator experiments under DC rotation with reduced vibration

M. Yagi®, A. Kitamura®, T. Obata®, T. Igarashi®, and M. Kubota®

“Institute for Solid State Physics (ISSP), the University of Tokyo, Japan.
bGraduate School of Sci. & Tech., Niigata University, Niigata, Japan

A brief description of a stable rotating cryostat designed for torsional oscillator experiments under DC rotation
is given, where vortex line penetration observations have been studied for 3D superfluid made of monolayer
He filmst? as well as for hcp 4HeThe torsional oscillator performance gives often better data under steady
rotation at moderate speeds than under still condition. The article! describes briefly the two of our rotating
cryostats at ISSP, u-tokyo, and the present paper describes the torsional oscillator experiments using one of
them, namely high speed rotating cryostat with much higher mass and stability of the frame.

1]. M. Kubota, et al., Physica B 329-333 (2003) 1577-1588.
2]. M. Fukuda, et al., Phys. Rev. B 71, 212502 (2005)
3]. M. Yagi, et al., This QFS meeting at SS session.See also M. Kubota et al., at SS session.

Keywords: quantum solid, supersolid state, vortex lines penetration, vortex fluid state, macroscopic
coherence
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An operation circuit of micro-SQUID magnetometer in a dilution refrigerator

A. Yamaguchi®, M. Wada®, R. Tani?, K. Takeda®, T. Matsumoto®, H. Kashiwaya®, G. Motoyama?,
S. Kashiwaya®, S. Ohkoshi®, and A. Sumiyama®

“Graduate School of Material Science, University of Hyogo, Hyogo, 648-1297, Japan

*Department of Chemistry, University of Tokyo, Tokyo, 113-0033, Japan

“Nanoelectronics Research Insitute of Advanced Industrial Science and Technology(AIST), Tsukuba, 305-
8568, Japan

We have been developing a micro SQUID (u-SQUID) magnetometer, to investigate quantum effects in pm-
or nm-sized magnetic materials®. In the z-SQUID magnetometer, the sample is placed on the SQUID loop
directly and the flux is detected by the loop itself. The close proximity between the sample and the SQUID
loop is great advantage for high sensitive detection of magnetization from the tiny magnets. The heat release
during the operation of the SQUID, however, became a great problem in experiments below 1 K because
of the close proximity. Here we report a digital circuit for the ;-SQUID magnetometer which can reduce
the heat release in the low temperature operation and whose parts are commercially available. The circuit
consists of a FPGA-digital board with AD-DA converters and a pre-amplifier. The FPGA board is controlled
by the LABVIEW software. The magnetization measurement of a crystal of the single molecule magnets is
demonstrated.

1. K. Takeda, H. Mori, A. Yamaguchi, et al., Rev. Sci. Instrum., 79, 033909(2008).

Keywords: Macroscopic Quantum Tunneling in Magnetization, Low Temperature Technique
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Application of quantum ensembles to linguistic analysis
A. Rovenchak® and S. Buk®

“Department for Theoretical Physics,
*Department for General Linguistics, Ivan Franko National University of Lviv, Ukraine

We propose a thermodynamical approach (based on the grand canonical ensemble) to the analysis of fre-
quency distributions in texts. Energy levels are identified with word frequencies (the number of occurrences
in a given text) and the level occupation corresponds to the number of different words with the same fre-
quency. The fugacity z is defined by Nyapax = 2/(1 — z), where Npapax is the number of hapax legomena,
i.e., words occurring only once in a given text sample. This number is known to be the largest of all the occu-
pation numbers, and thus the entire distribution is more likely to resemble the Bose-distribution. Temperature
of the system is found by fitting the occupation of higher levels. Due to the nature of the frequency distri-
bution is seems that a simple model of very weak log-of-log growth is appropriate for the energy spectrum
en o In(1 + Inn). This requires, in particular, that the spectrum is bounded from above by some 7,,x. One
should note that a different approach to define the temperature of texts was applied in [1] using the classical
Boltzmann function and the frequency behavior of the most frequent words. Interestingly, the temperature
parameter used in our work exhibits an insignificant variation with the size of the text sample. This makes it
a good variable for comparative linguistic studies. So far, we have performed analysis of some texts written
in Ukrainian, English, as well as Guinean Maninka (in the Nko script). The calculated temperatures are about
two orders of magnitude smaller than the Bose-condensation temperature defined in a standard way.

1. Miyazima, S. and K. Yamamoto (2008). “Measuring the Temperature of Texts”, Fractals, 16, 25-32.

Keywords: Bose-distribution, word frequency, text parameters
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