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|. by general request : Path
Integral Monte Carlo

2. binding of a *He atom to the
core of a screw dislocation
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(Role °T|R1) = (4mA8) 3N/ 2 exp

A= h*/(2m) = 6.0596A°K

o(By1. Ri, ) = (4mA6)~3N/2 exp (_ [(Rii)\—éRi)Q + 5U(Ri)D

bosons are indistinguishable particles; we need to
sum over all possible permutations
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Aziz potential is long-range : work with cells

N. B. part of the potential outside the cut-off can be taken
care of exactly because it is attractive (trick !)
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DIAGONAL periodic boundary
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grand-canonical bosonic exchange

N.V. Prokof’ev, B.V. Svistunov and |. Tupitsyn, Sov. Phys.]ETP 87,310 (1998).
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*bosonic permutations
esuperfluid properties ( are ‘easier’
than insulating one)

*big system sizes

eall static thermodynamic quantities

*numerically exact

efirst principles, no priori
assumptions

ecalculating eff param. of models

* no fermions

* periodic boundary conditions
required, which might lead to the
introduction of inert particles;
unclear how to treat inert particles

® mesoscopic sizes : single defects

* no dynamics

* hard to get good statistics on
energy, specific heat is
impossible, ...

* QMC process is not real-time
process

* time discretization
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One particular example is the screw dislocation
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Defects are important in torsional oscillator experiments.




Shevchenko state

T = (T./T)**v=1T, =

~ 1471, K1, = 0.205(20)
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T*=| K
T.=T*all

Ji~ 1/

|.T <T.:3d condensation or vortex glass
2. T <T < T*:all properties we want from ‘vortex liquid’

-WT <<1 :normal
-WT >> 1 :indistinguishable from superfluid

GA

phase slip rate

S.l. Shevchenko, Sov. |. Low. Temp. Phys. 14,553 (1988).

-------------- V.A. Kashurnikov, V. |. Podlivaev, N.V. Prokof’ev, and
B.V. Svistunov, Phys. Rev. B 53, 13091 (1996).
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A.R. Allen, M. G. Richards, and J. Schratter, ] Low X3=500 ppm
Temp Phys, Vol. 47, Nos. 3/4, p. 289 (1982).

l) low concentrations, low temperature,3He-3He scattering

temperature independent, 0.5K <T < 0.8K

ballistic motion in narrow band J3 A

J3 e ~ 107K

2) higher temperatures, scattering with phonons
_ 2 208 9
D — CﬁJ34a @D/kBT
3) high temperatures,incoherent scattering with vacancies

D = DO exp(—W/kBT)

(data do not allow to rule out
phonon-assisted tunneling)
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group observed
stiffening of the 0.0147
“He crystal,
with the same
hysteretic,
temperature,
frequency, 3He 0.012-
dependence as

0.013
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J. Day and |. Beamish, Nature 450, 853 (2007).
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* pinning of dislocations, distance Ln between pinning
sites

e stiffening is independent of frequency according to the
Granato-Lucke theory, up to 30% reduction in shear
modulus

e with impurities, the impurity pinning length Lip can
become smaller than Ln

Tp ~ —(Ep/kp)[In(zLy/a)] ™

Tp : pinning temperature,
Eg : binding energy,
a :interparticle distance.




E.Kim et al., Phys. Rev. Lett. 100,065301 (2008).

maximum around 0.5 ppm
sample dependent

I,B/G_\e J minimum value required?
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E. Kim et al,, Phys. Rev. Lett. 100,065301 (2008).
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800 - 4 TOF solid lines : Tip = T«
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©  Annulus [22] o .
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° BeCu(s] Q ] ]
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— % P.S.[9]
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observed x3 correlated with impurity-pinning of dislocations




E.Kim et al., Phys. Rev. Lett. 100, 065301 (2008).
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X.Lin,A. C. Clark, and M.W. H. Chan, Nature 449, 1025 (2007).
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after subtraction of phonon contribution :
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all interactions are given by the bare Aziz potential,
no effective interaction for 3He is assumed

reweighting function

replacing “He by
3He has a too
low acceptance
ratio

solution : gradual
mass reweighing,
make the
histogram flat and
measure only in
the 3He sector
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narrow band motion in deformed crystal

Ny
dislocation A E

§(r)

A
gE

deformation field

neglect kinetic energy
number of deep binding sites Ng

_ bo . 4 = 1/£Cd—|—NBeXp(ﬁEB)
uz(r, @) = o' “s.Schottky”
,ub dislocation density (only free parameter).
Tr = — o g =10"%/a%* = 7.6 x 10%°cm™*
27 d
v sets cut-off :

Fmax = 1/v/TTq




‘He

Boltzmann weights :

(r) = =T'In[g(r)/g(0). ——T=1.5K/1

0 é—) 1IO 1I5

Z(T) = 2r / rexp(—E(r)/T)dr
0

Ep ~ —TIn|gmax/goo] = 0.8 £ 0.1K

20

self-consistent for all temperatures




at much lower T <Tf:
different behavior

50 T T T T
L\ max
40 In(1/Npxy)
i 30 ~ 5omK
s o0l assumed dislocation density
: rq=10"%/a® = 7.6 x 10%cm 2
101 Ma .
s \ only logarithmically dependent on x4
0 =~ : = Thigh C
0.02 0.04 0.06 0.08 0.1 ~ _ i g ol
TIK] SNlog:cd—/O T’dT
les with 3H ion bind max ~ | %~ 40k
scales with 3He concentration binding to cy - ~logxg ~ 40kg

the dislocation AT
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3He is very hot
vs. Fermi
temperature and
behaves mostly
like a
‘Boltzmannon’.
Very small sign
problem.

——

0 2 4 6 8
Number of 3He atoms

10

inite size effects
|d systems

-




thermodynamics so far!
Problems :

* spin diffusion T-independent, 0.5K <T < 0.8K, ballistic motion €<—> binding
* level spacing due to strain of screw is much larger than the bandwidth of the 3He :
how can the 3He get closer to the core?

slow kinetic relaxation,
quantum diffusion problem

v
incoherent one-phonon assisted hopping is dominant at large
distances and low temperatures (assume fixed the dislocation)

1 = J2,62T/64 ¢ =a(dE/dr) > zJ34
(~many years)

—> time dependent effects (cf. specific heat)




The ‘homeopathic’ role of 3He is now better understood:

indisputable result
when thermodynamics
are valid, but
connection with
experiment might be
unclear

Binding of 3He to a screw dislocation

Es = 0.8(1) K,Tmax = Eg / log(disloc.dens. x # binding sites)
produces bump in specific heat around 60 mK through mapping on
a Schottky model with degenerate levels

produces stiffening in the same temperature range

quantum diffusion problem, slow relaxation

in line with most recent (?) NMR data for spin diffusion coefficient
at low temperature

other mechanisms for dislocation transitions/crossovers at lower
temperature!

link with NCRIF in torsional oscillators is unclear, there is no
known model/experiment that relates 3He to dislocations during
crystal growth, .... = sample quality influence unknown, link with
Shevchenko state unclear




