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W =X 2.5 Macroscopic Quantum State
At what velocity vortices are formed ? comment:
" , concept of critical velocity
critical angular velocity Iy —
/ L section 2.6
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Experimental observation of vortices
R=1lcm — (w.~103s71 » meniscus is rotating vessels
damping of second sound
electrometer experiments

exploding electron bubbles

v v vy

decorating with hydrogen ice particles
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W =X 2.5 Macroscopic Quantum State

Experimental observation of vortices
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» o source — helium ionized — electrons form bubbles
» bubbles are captured by vortex lines via Magnus force
» Efield is pulling bubbles alongside of vortex line to surface
» measurement of charge — is proportional to number vortex lines
» uniform acceleration over 10 h to 10 rot/min
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Experimental observation of vortices
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Mf/%z&%_1 2.5 Macroscopic Quantum State

Abrikosov lattice —— Type 2 superconductor
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W =X 2.5 Macroscopic Quantum State

Experimental observation of vortices
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MVCMP-1 2.5 Macroscopic Quantum State
Josephson Effects Schrodinger Eq.
i = ¥ + K
! 2 iy = paWs + K&
_““Alz with L_Dl = QseiS"l and W2 — Qsei902
He-ll N — _ — A
He-Il e N | s 2K .
n N e
/ o I 1
weak link =0 a(%—s{?l)Z—ﬁ(ﬂz—ul)Z—ﬁmMAz
healing length
/
d=~ ¢ =1 2A: Ap =0 phase difference constant — Josephson dc effect
\ e Ap # 0 phase difference changes — Josephson ac effect
54 — (1 N T/T)\>2/3 A A
diverges for T — T h ho
A mga SAT
T#O — Wy = gl 4p—'m4
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2.5 Macroscopic Quantum State

Josephson Effects

8
Displacement sensor T TA —T=17..26mK
pickup coil Electrode
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Diaphragm § S
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Ts P Aperture Array
/ !
0 A A A A
0 20 40 60 80 100
Initial Pressure APO [mPa]
measurement directly
65 x 65 array after pressure applied

— AT =0
70nm apertures spaced 3 um

50 nm-thick silicon nitride membrane
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o0 2028 . 2.6 Excitation Spectrum of He-ll: Landau Model

MVCMP-1

Is the occurrence of the condensate equivalent to superfluidity ?

ideal Bose gas:

E=_-— —— arbitrary energy transfer possible
=) N0 superfluidity '

Idea of Landau 1941

» at low temperatures: only longitudinal phonons
with linear dispersion

» at “high” temperatures: more and other kinds of
excitations contribute, but with energy gap

comment:

superconductivity in metals is
related to an energy gap

nature of excitations is important

E = A, + p?/(2m*)

phonons

v
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Ms/sczl\c/)lzlst_1 2.6 Excitation Spectrum of He-ll: Landau Model

Landau’s modification in 1947:

—— common dispersion curve

a0k Feynman
. . and
roton dispersion: = ' Cohen
2
p i pO e )
gi— 4 2]
2m* z [ g
T 0} /
w experimental result
>
2
GC') % r——— : 3
L WAVEVECTOR g (A ')
A, S
Rotons Feynman 1954:
» QM calculation of dispersion curve
Phonons . .
| from symmetry considerations
Po

Momentum p » improved by Feynman and Cohen in 1955
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MVCMP-1 2.6 Excitation Spectrum of He-ll: Landau Model

Experimental determination of the dispersion

Feynman’s idea: inelastic neutron scattering

20 260
T, .
_ maxons |
¢ 15 e
& N 240 —
o >
Wi L — 'O i
= S
5 rotons 2 - |
< o
L]
5§ phonons A:/ks = 8.67K - §
po/h=194A1 o .
m* = 0.15my
0 | | | 200 I | | |
0 1 2 3 4 0.0 0.2 0.4 0.6 0.8
Wave number k/ A Wave number k/ A~
good agreement With G in, Gmax » dispersion not perfectly linear
linear dispersion with v = 238 m/s » anomaly at low wave vectors

—— causes damping by three phonon
scattering

—> anomaly disappears at p > 20 bar

sharp excitations even at high g vectors

v v . v Y

single particle excitations are suppressed
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Experimental Determination of the Dispersion

new high-precision measurement
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Normalfluid component:

28 :
On;r = -0 \/ m e—4:/k8T | Rotons

- - 3R\ (2m)3kgT
On = On,ph in On,r

\ 27r2k4B 7

€n,ph = 5 p3 v}

Phonons

4
» at low temperatures 2n X 1 due to phonons

» rotons dominate between 0.5 Kand 1.2 K 10

» above 1.2 K nature of excitations more complex 0.1 0.2 05 ] 2

Temperature T/ K
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MVCMP-1

Specific heat:
a) low temperatures T < 0.6 K

only long wavelength phonons contribute

— Debye model

kg 73

Cph = 150h3v3

measurement of thermal conductivity

Casimir regime ¢ = d
capillary cross section

1
— AngphvdocT?’

2.6 Excitation Spectrum of He-ll: Landau Model

Specific heat C/ J mol K™
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1
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7 MVCMP-1 2.6 Excitation Spectrum of He-ll: Landau Model

b) intermediate temperatures 0.6 < T < 1.2K

freeenergy F. = —kgTn,
2
S, = —8F,/0T N\ n - 2P0 [M*kBT _ A sk
| \r 3oh3\ (2m)3
C; =T08,/0T number density of rotons
" 2
Cr _ 2kBpg m kBT § 4 Ar 4 Ar e—Ar/kBT
3Qh3 (27T)3 4 kBT kBT
:
l0°10ulc/g deg —
c) high temperatures 1.2K < T < T)

10 l
additional excitations contribute: maxons %
lifetime of rotons becomes very short ;
— excitations are not well-defined . ‘&f‘_/j}”ﬁ “‘T"‘" T T

1'0-. (;2 . 03 04 ’ 46 l o8 I \OI 12 T{LJ_J 120(
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