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Definice supravodice a kriticka teplota
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e Supravodivost=supratekutost nabitych &astic.

K pFfi¢inam supratekutosti
e Landau: supratekutost zplisobena vlastnostmi disperzni relace kolektivnich maédi
(zejména linearita (k) pro malé hodnoty k, totéZ zafidi en. mezera).

e London: supratekutost zplisobena
pfitomnosti kondenzatu.

e Bogoljubov: z pfitomnosti kondenzatu
vyplyva linearita E'(k).

Spontanni .
vytékani st. Z www str. Ketterleho
helia z nadoby skupiny na MIT
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The Nobel Prize in Physics 1972

"for their jointly developed theory of superconductivity, usually called

the BCS-theory”

John Bardeen Leon Neil Cooper

@ 1/3 of the prize &1 1/3 of the prize
USA USA

University of lllinois Brown University
Urbana, IL, USA Providence, RI, USA
b. 1908 b. 1930

d. 1991

John Robert
Schrieffer

& 1/3 of the prize
USA
University of

Pennsylvania
Philadelphia, PA, USA

b. 1931

e Bardeen: pritaZliva
interakce mezi  elektrony
vyvoland elektron-fononovou
interakci.

e Cooper: libovolné slaba
pfitazliva interakce vede
ke wvzniku pari elektrond
(Cooperovy pary).

e Schrieffer: matematicky
popis  kondenzatu  pari
(Schriefferova funkce).
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Coopertiv problém
e Elektrony interaguji s potencidlni energii V(r; — rs).
e Re¥eni hleddme ve tvaru

\If(rl, Iy, 01, 02) = ¢(PT)¢(1')X(01, 02) g
1 1

e VlInovou funkci v lze psat ve tvaru

1 .
Y(r) = Z gr——=e"<".
k,|K| >k va

e Po dosazeni do Schrodingerovy rovnice dostaneme (energie paru E vztaZend k 2E)

h?k> 1 4 /
2exgx + ; Viwg = (E+2Ep)gx, ek = oy Vi = Q / V(r)e K dr
e Rovnici lze Fesit analyticky pro
U
kafz—ﬁwkwk/, wkzlpr00<ek—EF<th,wk=0pro ek — Er > hwp .

o(rr) = 5 X5 X1(o1)xi(02) — X1 (o1)x1(02)] -
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Cooperitiv problém - pokracovani
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Ptiklad matice vystupujici ve Schr. r. pro funkci

gk

e Vysledky: gx = m

pro ex — Ep < hwp (oblast 1S),
= 0 jinak, povolené hodnoty energie feSenim
rovnice

U 1

Q =l E+2FEr — 2¢,

1=

e VZdy existuje jedno ¥eSeni o zaporné energii
E. Za predpokladu, ze Erp >> hwp, pro né
dostaneme

2 1 <E — Qth>
— =\ —
U[D(Er) E

Za predpokladu, Ze |[U|D(EFr) << 1, déle
dostaneme

2
E = —2theilU\D(EF) .

e Rozméry paru. Odmocnina ze stfedni hod-

noty kvadratu vzdalenosti je rovna %M’TF
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Schriefferuv ansatz

U, kTo —klo +/;4( kTo —klo

u|«kto kyol+y|*kle k| e

O<uy. <1 O< %<1
Schéma souboru parti, obsazend Fermiho koule pro neint. fermiony, Schriefferiiv

stav . . ) .
e \ soufadnicové reprezentaci

Uy =A{g(ri—r2) T (1) L (2)0(rs —ra) T(3) L (4) . by —rn) T (N =1) L (N)}
e Schrieffer(iv stavovy vektor v reprezentaci obsazovacich &isel:

MMy (u + vy ¢y ) [vakuum) ur +vf = 1, Py|Wg) ~ |Up).
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Schriefferiiv ansatz - pokracovani

e /plsob uréeni hodnot parametri u; a vi. Hledame, pro které hodnoty nastane minimum
vyrazu (Wg|Heq — pN|Wg), kde

+ + o+
Hyeq = E €K CpyCks T E Vider i € Ty | €k Ciy
ks KK/

je tzv. redukovany hamiltonian, ponechany pouze &leny ,,prohazujici” pary.

1 gk 1 gk Ak
2 2
=— |14+ = =1 === =
uk ( k) s Uk ( ) , UKV s

kde & = ex — i, Ex = \/gﬁ + Ai a Ay, tzv. supravodiva mezera, je feSenim rovnice

A = — kak’ A .

e \ysledné vzorce:
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P¥echod BEC-BCS

BEC «
(9 )
8 % o//,"ollll //o?
‘o S
B
é Do

Cooper pairs

diatomic molecules strongly interacting pairs

e /de kpr je polomér Fermiho koule, a veli¢ina
o rozméru délky charakterizujici silu interakce.
T R

a=—
21+ (272R/vy)’

Cindy Regal, Ph.D thesis

kde vy je mVy/(4wh?), V; je Fourierova kompo-
nenta potencidlni energie mezifermionové inter-

akce, Vo < 0, h/R je ,,cut-off’ pro vinovy vektor.

e 1/kpa < 0 slabd interakce ... velké pary, BCS.
1/kpa > 0 silna interakce ... malé pary, BEC.

Ketterle a Zwierlein, arXiv:0801.2500v1
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Pfechod BEC-BCS - pokracovani

Nalevo: obsazeni jednofermionovych hladin
v zavislosti na 1/(kra).

Dole:vinova funkce paru v zavislosti
na 1/(kpa).
k/kg
Ketterle a Zwierlein. arXiv:0801.2500v1
1/kea = 1 1/kea = -1 1/kea = -2
31 — 05 n=-0.8Eg = . — 20
Egg A=1.33 E; 34 3 . E
o) z] =
g 0 - 0
. 01 2 3 4 5 01 2 3 4 5
2 K/ ke K/ ke
<,
<
e
10 20 30 20 40 60
kFr kFr

Ketterle a Zwierlein, arXiv:0801.2500v1
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Jednocasticové excitace

e Cil: hamiltonian

red = H — pN = Z EkCrCis + Z Viae e ¢y e oy = Z &k s + Z Viae by by
ks KK/ ks KK/

kde b = clecfkl, by = x|kt a & = €x — p, prevést do tvaru odpovidajiciho systému
neinteragujicich fermiond.

e PF¥ibliZzeni stfedniho pole. Ve stavu |¥g) maji operdtory b, a by nenulovou stfedni hodnotu:
(Wslbe|Ws) = (Wslbk|Vs) = ucvk = g -

Lze predpokladat, Ze pro nizkoexcitované stavy se tyto operatory pfilis od svych stfednich
hodnot nelisi. Tj., lze psat

bﬂ_ZQk+5bﬂ_,kaQk+5bk

a pfedpokladat, Ze fluktuace § jsou malé. Po zanedbani ¢lenl druhého ¥aduv d H. ; — Hyr,

kde
Hyrp = kaC;SCk,s — Z Ay — Z Axc_x|cx + Z Ak ,
s K K K

Ag = — Z Vi G -
"
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Jednodasticové excitace - pokracovani

Hyp = Z ka;SCk,s - Z AkcﬁTkal - Z Agc_x ekt + Z Axq -
k,s k k k

e Bogoljubovova transformace.
+ + o
Ck1, C—Kk|, CkT? C_kl — Y0k, Y1k, fYOk? VR

Yok = UkCk] — vkc 711( UkCkt + ukc’ K
k| L

P¥i vhodné volb& parametrd, uy, vy,

2 5_k o L & _ 2 2
4-3(+8) -4 8) e ETR

prejde Hy;p do tvaru
Hyy = konst. + »  Ex[ye70k + 7]
k

tj. hamiltonian souboru nezavislych fermiond, tzv. Bogoljubovovych excitaci s disperzni relaci

Eyx = /& + A}. Podminka selfkonsistence:

Z ka/ Ek’ 1 —2frp(Ew)].
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Dispersni relace a hustota stavii pro Bogoljubovovy excitace

| N (E)/ N (O) 3 Superconducting
/Ek
2~
Normd  “~—_
N 1 ‘,_
| | | N | | | |
-3 -2 -1 g 1 2 3 Ek | | |
g A 1 2 3 E
A
. K
-3~
e Ek

e V normalnim stavu je hustota stavii N(F) v okoli Fermiho energie slab& zavisla na energii,
N(E) ~ N(0).
e \/ supravodivém stavu je N = 0 pro energie mensi neZ A. Vzorec pro Ny(FE) Ize odvodit

takto. Z vzajemné jednoznalné korespondence mezi excitovanymi stavy normalniho kovu a
exc. stavy supravodile vyplyva

NSC(E> NbC(E> df d\/ E2_£2 E
NABME =N, N & =No) a8~ aE VoA
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Projevy Bogoljubovovych excitaci ve fotoemisnich spektrech

e Spektralni funkce A(k, E). Zhruba: hustota stavi pro dané k. Ptesngji: Ak, F) =
Ay (k, E)+A_(k,—F), kde Ay je energiové spektrum stavu systému s elektronem pfidanym

do stavu s vinovym vektorem k, energie vztaZzeny k Ey + u;
podobné A _ je energiové spektrum stavu systému s elektronem ubranym ze stavu s vinovym

vektorem k, energie vztazeny k Fy — p.

e Spektrdlni hustota. Zhruba: hustota stavli. PYesngji: A(E) =), A(k, E).

e Vztah mezi spektralni funkci a spektrdlni hustotou I(k, E) fotoelektroni o daném k:
I(k,E"Y~ Ak, E=hv—FE —W)frp(E).

Intensity

Matsui et al., PRL 2003.
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Fotoemisni spektra pro supravodi¢ Bi2223

week ending
VOLUME 90, NUMBER 21 PHYSICAL REVIEW LETTERS 30 MAY 2003

BCS-Like Bogoliubov Quasiparticles in High-7, Superconductors Observed
by Angle-Resolved Photoemission Spectroscopy

H. Matsui,' T, Sato,' T. Takahashi,' S.-C. Warlg,2 H.-B. Yzmg,2 H. Ding,2 T. Fujii,s’* T. Watanabe,*" and A. Matsuda*
'Department of Physics, Tohoku University, Sendai 980-8578, Japan
2Department of Physics, Boston College, Chestnut Hill, Massachusetts 02467, USA
3Department of Applied Physics, Faculty of Science, Science University of Tokyo, Tokyo 162-8601, Japan
“NTT Basic Research Laboratories, Atsugi 243-0198, Japan
(Received 6 August 2002; published 29 May 2003)
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FIG. 2 (color). (a) ARPES spectra of Bi2223 in the normal state (140 K) measured along a yellow line in the Brillouin zone shown
in the inset in (e). Spectrum at k is indicated by a dark red line. (b) ARPES spectra taken under the same condition as in (a) but at
the superconducting state (60 K). (c) Same as (b) in an expanded intensity scale above Ej. (d) ARPES spectra in (b) divided by the
FD function at 60 K convoluted with a Gaussian reflecting the instrumental resolution. Spectrum at kz is indicated by a dark green
line. Red lines are fitting curves for unoccupied states using a Lorentzian with energy-dependent broadening factor. Fittings are
restricted to the spectra of which peak positions are located within 5kzT from Ep. (e) Intensity plot of normalized ARPES spectra
in (d) as a function of binding energy and wave vector. Momentum region is the same in (a)—(d).
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Fotoemisni spektra pro systém fermionovych atomi ('’K)

measured kinetic energy, & = K2K2/2m. Here % = h/2w, where b is
Planck’s constant, and m is the particle mass. By conservation of
energy, we can determine the energy of the original single-particle
state, Es, using

Es=er+o—hy (1)

Here hv is the photon energy, ¢ is the work function of the surface
and Eg — Es is often referred to as the binding energy® ( E is the Fermi
energy).

Kk

Figure 1| Photoemission spectroscopy for ultracold atom gases. a, In
electron photoemission spectroscopy, the energy of electrons emitted from
solids, liquids or gases is measured using the photoelectric effect. Using
energy conservation, the original energy of the electrons in the substance can
be determined. Similarly, in photoemission spectroscopy for atoms, a radio-
frequency photon with energy hv transfers atoms into a weakly interacting
spin state. b, The radio-frequency photon drives a vertical transition where
the momentum 7k is essentially unchanged. By measuring the energy and
momentum of the outcoupled atoms (upper curve) we can determine the
quasi-particle excitations and their dispersion relation (lower curve). Here ¢
is the Zeeman energy difference between the two different spin states of the
atom.

J. T. Stewart, J. P. Gaebler, D. S. Jin,
Nature 454, 744 (2008).
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Figure 3 | Single-particle excitation spectra obtained using photoemission
spectroscopy of ultracold atoms. Plotted are intensity maps (independently
scaled for each plot) of the number of atoms outcoupled to a weakly
interacting spin state as a function of the single-particle energy Es (expressed
as frequency) and wavenumber k. Black lines show the expected dispersion
curves for an ideal Fermi gas. White symbols mark the centre of each fixed-k
energy distribution curve. a, Data for a very weakly interacting Fermi gas.
The Fermi wavevector k is 8.6 = 0.3 um ™ '. b, Data for a strongly interacting
Fermi gas where 1/kYa = 0 and T =~ T.. The white line is a fit of the centres to
a BCS-like dispersion. ¢, Data for a gas on the BEC side of the resonance
where 1/k}a ~ 1 and the measured two-body binding energy is

h X (25 = 2 kHz). We attribute the upper feature to unpaired atoms and the
lower feature to molecules. The white line is a fit to the centres using a
quadratic dispersion.
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Zavéretné poznamky
e P¥ipomenuty zaklady teorie BCS.
e Ptechod BEC (kondenzat molekul) — BCS.

e Energiova mezera a Bogoljubovovy excitace po-
zorovany ve fotoemisnich spektrech kupratovych
supravodi€li (energie fotont v eV, charakteri-
stické energie v meV) i ve spektrech systémi
se supratekutymi fermionovymi kondenzaty
(energie fotonl a charakteristické energie v ¥adu

10 kHz).

e P¥isti tyden kurz Vladimira Krasnova ,, Tunneling
experiments on superconductors’.

N. N. Bogoljubov
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