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Why Graphite as Substrate ?

Adsorption potential
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‘Flat - minimalised disorder
‘Helium film grows in layers.
‘We can control the growth.
‘Two solid He layers solidify
‘Triangular lattice symmetry

*Cooling to submillikelvin
range

Joly et al, Surf. Sci. 264 (1992) 419




2D Helium on Graphite

 Strongly correlated fermions or bosons 2D | |

» Subject to an external triangular lattice potential ) |

*Tuning parameters: interatomic distance , 1 1 J, J, 1 1
binding potential 0 0.5 1.0 1.5

* No impurities Interatomic distance a (nm)

2

Experimental techniques

3He: NMR, heat capacity, neutron diffraction,
vapour pressure
4He: heat capacity, torsional oscillator,
neutron diffraction, third sound, vapour pressure

Temperature range ~ 15 uK to 15 K

Quests

Superfluidity of a 3He monolayer
2D superfluid-insulator transition
2D supersolid

graphite
substrate




Exfoliated Graphite

Fukuyama, JPSJ 77 (2008) 111013
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Taub et al., PRB 16 (1977) 4551

(Color online) Typical STM images of Grafoil surface at room

Fig, 1.
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Grafoil — atomically flat platelets 10-20 nm long, rolled,



Layered Helium Films

SHe/Gr
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(commensurate phase -
superlattice) E . -
3 R ul
V3 x\3 6.4 nm=2 2 E ——-me——
S 6| - -~ £ 6
= . =
3 __’_’/ﬁm@_ 2 F Pici2 4/7phase
. Q
.g.\j N & a4k 1 3 4 =
= fluid (F) 4 £ F fuid@ -
2+ — a 2 -
- 1st layer = ~ 2nd layer -
| | | |
On 1 2 3 % 1 2
T (K) T (K)
(a) (b)

Fukuyama, JPSJ 77 (2008) 111013



Sibling system: 4/7 Phase in 3He films

Existence of 4/7 solid is clearly identified
both experimentally and theoretically

2nd layerdensity p, 4

Istlayerdensity p, 7 Frustrated spin 2 magnet
*Mott insulator

*Gapless spin-liquid ground state

Elser, PRL62 (1989) 2405 Takagi, J Phys Conf Ser 150 (2009) 032102



Motivation |

Quantum phase transition from a ‘
superfluid to a Mott insulator in
a gas of ultracold atoms

Markus Greiner*, Olaf Mandel™, Tilman Essfingert, Theodor W. Hansch* & Immanuel Bloch*

« Sektion Physik, Ludwi P R R, - 4JIIL, D-B0799 15+ o mmenmios 3 A s Dok Toctit it £ Ot ontih TN OE740 Cnschii

Gt 1 0 o i i Greiner et al, Nature 415, Jan 2002

Stoof, ibid, N&V

Heidarian & Damle, PRL 95, 127206 (2005),
Melko et al, PRL 95, 127207 (2005),

Bonisegni & Prokof‘ev, PRL 95, 237204 (2005) + ... Revived theoretical interest
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0.6 .
o | supersolid{  superfluid
041

ps'_‘.-._. :olldp 113 SN,
PS _ W AVAVAVA
02fk——————" AAVAVAY

e Can we study this phenomenon
Ot in 2D helium-4 ?
(alternative system of bosons in
Wessel and Troyer, PRL 95, 127205 (2005) ex‘rer'nally imposed lattice poten’rial)




Searching for Supersolid

/\/

Superfluid response
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Broken translational symmetry
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4He/Gr 2Md Layer - Phase Diagram

Pierce& Manusakis, PRL 81, 156 (1997) and PRB 59, 3802 (1999)
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4/7 Phase in 4He films
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Motivation |l

Crowell & Reppy, PRB 53, 2701 (1993)
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Torsional Oscillator

Andronikashvili's experiment
Bulk liquid “He
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E.L.Andronikashvili, Zh.Eksp.Teor.Fiz. 16 (1946) 780
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FIG. 1, Design of the Mylar two-dimensional Androni-
kashwvili cell is shown.,

FIG. 2. Period and Q of the Andronikashvili cell are
shown as a function of temperature at the superfluid transi-

tion.

Bishop & Reppy, PRB 22, 2701 (1980)
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Torsional Oscillator Signal

Liquid *He films
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FIG. 2, The reduced period shift, 2AP /P, and dis-
gipation @ ! are shown for a superfluid transition tem-
perature of 1.215 K. The solid lines are fits using the
dynamic theory of AHNS (Ref. 6) and the dashed curve
is the result of the static theory.

Bishop & Reppy, PRB 22, 2701 (1980)

Resonant frequency



Experimental Cell: Torsional Oscillator

2 mK - 4000 mK (weak thermal link
to the copper demagnetisation stage)

torsion element 1: contains exfoliated
graphite sample ~ 35 m?

torsion rod

torsion element 2: coin silver cylinder,
with two Mg electrodes biased at
100V

= torsion rod

isolation mass + torsion rod (copper)
mounted to cold-plate

Measure frequency shift and
dissipation

quality factor Q ~ 250000 - 550000
working frequency ~ 1423 Hz;
detecting changes < 10 uHz ~ 2x10-7g




L+G Region
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Total coveraae on PM scale [ nm-2 1

18.14 nm-2
chosen as a reference to

evaluate additional decoupling

on top of the slip process
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Af [ mHz]
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Af [ mHz ]
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Qer- response
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Super- Response Overwiev

Not a simple structureless superfluid
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Af(0) [ mHz]
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Super- Fraction

What is the value of super- fraction?

A4S T T T T

Compare with measurements of a KT
superfluid monolayer in the same cell
(3 layer, n; ~ 5.5 nm2)

Super- fraction at T->0:
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Super- response from superlattice?

Key: since AN Ap = 1, number fluctuations required to define phase.
[For this reason a commensurate solid cannot be a supersolid]

Zero-point vacancies [Andreev & Lifshitz] appear

E
in the superlattice when 4> 2U,,. 9(E)
In 2D, A for 3He impuriton is much larger than A
in the bulk [Ziouzia, PhD Thesis, London ]
E

These number fluctuations are intrinsic to the 4/7 superlattice structure
[Watanabe, Imada, JPSJ 76 2007]. Fluctuations into the 3rd layer.

The 2nd layer superlattice phase is unstable. [Corboz et al., PRB 78 2008]



Monte Carlo simulations
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Momentum deficit in Quantum Glass

Reduced rotational inertia due to presence of tunelling two-level systems.

If “bulk™ velocity v(t) #0 the TLS has nonzero mean values of momenta <p>., in
both stationary states. In the ground state the projection of <p>, onto v is negative.
No superflow

[Andreev, JETP Lett 852007, ZhETF 136 2009, Korshunov Pis’ma v ZhETF 90 2009 |
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Motivation:  Does vacancy doped commensurate phase /7 x J7
(4/7 phase) have a supersolid response?

*High precision TO measurements from 2mK to 4K. Second layer density is
the tuning parameter.

«1st Jayer interaction with the substrate present all time - careful
measurements can distinguish that from ‘super-’ response; sensitive to
2nd layer structure

*Unusual temperature dependence of momentum deficit; no sharp onset:
Af(T) ~ -InT near onset while Af(T)~Tas T - 0.

-Af(0) is tuned by n,. Plateau-feature when n = n, (4/7 ) and vanishes near at
incommensurate 2"d layer density n,. Possible QCP at n,.

*More than 25% of the 2"d layer contributes to super- signal when
approaching n,




Summary Il

Motivation:  Does vacancy doped commensurate phase /7 x J7
(4/7 phase) have a supersolid response?

 After “pre-cursor” feature plot of Af(0) vs T* shows two clear regimes.
Boundary correlates with qualitative change in dependence of Af on InT

 For a significant coverage range there is data collapse in Af(T)/Af(0) vs
T/T* coordinates.

* Quantum glass model qualitatively agrees with observed Af(T) ~ -InT
dependence. Energy scales involved need to be addressed.

‘We need experimental evidence on the structure of putative 4/7 phase in
the T - 0 limit.




