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Content
I. Phononic (EPI) vs non - phononic mechanisms

-d-wave pairing — A,  (k,0) = A”(@)(cosk, —cosk,)

- bosonic spectral function o’F, (@)

I1. Experiments related to a’F, (@)
- Reflectivity R(w) — o(0) — T, (0) % [(@) = -2 ImZ(w)
- ARPES - I(k,») ~n, (0)Ak,0) — (ko)
-tunneling — 1(V) = a°F, (w) (for phonons )

1. o(w), 1(V),A(k,0) — EPI is important and
there is characteristic phononic energy scale
- a’F (0) > 4, =2-3

V. Challenge for the theory — EPI must be strongly momentum dependent!

V. Concusions



Phononic vs non-phononic pairing — bosonic spectral function

B(q,€2)

>(K, ) = TdQ<a2 F (kK Q))k, R(w, Q)

Ry (k. k', ) =N(0)|g, | IMB(k-k',)
B(a,€2) = Dy,(0,€9) or V,(q,€2) or Imy(q,<)



Inelastic magnetic neutron scattering and NMR hint against SFI mechanism
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Big change in Imy but small change in T ! Anticorrelation between I, and T, !

Ph. Bourges et al. (1999) M. Mehring (1993)



o(®) from reflectivity R(w)

Optical data can be naturally explained by strong EPI !
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Low-temperatu re su perconductors

- linearity in T, (@, T = O)_—I dQ(w—-Q)a? (Q)F (Q) for w>aw, is natural phenomenon !

For o2 (Q)F (Q) = ﬂ‘"z £ S(0-Q) = (0T :0)=vaE(1——EJ
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W (€., T) can be naturally explained by strong EPI !

Spectral weight [10" Q' cm':']
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ARPES kink at the nodal (N) -point
ARPES spectra can be explained by strong EPI !

Puzzle: o!) = o

isotropic EPI theory predicts: o8, = o) +A__

— FSPin a’F(q,®) !
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ARPES kink at the anti-nodal (A) point

- shift at A-point — () =l +A, ., A, ~30 meV
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Strong EPI and phononic structure a’F (K, )
IS seen in ARPES self-energy 2(k,, , ®)

Rex(k, ,w), ImZ(k,,®) and a*F (k,,®) in La,_ Sr,CuO,, x=0.03
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Isotope effect in ARPES at N-point

Re X(w) ("EV)

G.-H. Gweon et al., Nature, 430,187 (2004)



ReX(k, ,w) obtained from ARPES in Bi,3Sr,CaCu,0; = 4, =2-3, 4 ~1
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ARPES in 4-layered HTSC is against SFl
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Theory of ARPES in the FSP model

FSP = onthe Fermisurface: a°F(p,¢' @)= a’F(,0)o(p—o¢")
U

- "local™ Eliashberg equations due to FSP in charge scattering

ﬂl(Z) ® (n m) ep| 7 (n - m) + nyll.EnZF; 0}

@
Aogi ,(N) = 2jd epl ,F (@) M. L. K. & O. V. Dolgov, Phys. Rev. B 71 (2005)
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a’F (a)) and strong EPI from tunneling conductance

Extraction of a’F (@) from:
- planar junctions Bi,Sr,CaCu,O, —GaAs (and Au)
- break-junctions from Bi,Sr,CaCu,O,
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Fig. 38. The spectral function #*F(e) and the calculated density of states at 0 K (upper solid line) obtained from the
conductance measurements on the Bi(2212)-Au planar tunneling junction; from [42].



All phonons contribute to T,

No.peak|w[meV]| i |AT:[K]
i | 14.3 1.26|7.4
P2 20.8 0.95111.0
B3 oL 0.48(10.5
P4 35.1 0.28(6.7
P5 39.4 0.24(7.0
Po6 45.3 0.30({10.0
7 H8.3 0.15]6.5
PS8 63.9 0.0110.6
P9 69.9 0.07(3.6
P10 3.7 0.06(3.3
ol i | 1.3 0.0110.8
P12 82.1 0.01(0.7
P13 8T.1 0.03]1.8

D. Shimada eta al. (1997, 2007)
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Magnetic resonance mode is ineffective for pairing
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Tunneling in La,_,Sr,CuO, spectra reproduce phononic structure

-==-phonon spectrum
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Tunneling vs phonon Raman spectra in LASCO films — evidence for strong EPI
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Constraints on EPI imply strong g-dependence

1.d-wave pairing = A(K,®) = A°(w)(cosk, —cos k,)
2.high T, =160 K

3. rather large EPI coupling = A,; =2-3

4.small 4, ~04-1 (p(T)~A,T)

Asuumption: pairing is due to high-energy non - phononic boson = EPI is pair-breaking

Question - how large is the bare T, due to the boson?

T 1_‘e i
Z(w)A(k,a))=deqj%stﬁ(k-q,Q)A(q,w)th i(Tq) = In T =¥Y(= ) ‘P(E 5 pT )
epi ~ Zﬂﬂ,epiT

A(k, ) = A(w)[cosk, —cosk ] and Z(w)=~1+il;

4

forT, ~160 K = T ~(400-1100) K !

Way out = forward scattering peak (FSP) in EPI 4 epi (q)



Theory: EPI must be strongly momentum dependent

Long range EPI (forward scattering peak) due to:

()

£(q)
- long range due to strong correlations = y.(k,q) (vertex)

- long range due to the Madelung energy =

0 0 rf/
gep (k’q) gep (k’q) 0.4~ Ay, B
7c(k'q)— yc(k’q)— A
£(a) £(q) - .
0.2 s
_ 1A - .
i o ..__._.-r'"(’ | 1 | | “'!"' ---- ..
TC(I) =~ <a)ph>e At %00 0.2 0.4 0.6 0.8
dopin
- £ @) o T o ¢
-since A, = A, and p, <, = T >T,

M.L.K., RZeyher, O. Dolgov...



Strong Correlations without Slave Bosons

Hubbard model: H = D eun, -t c JG+Uanni,¢+I-AIEP

ij,o ij,o

U >t — nodoublyoccupancy — n,=0,1 Hubbard operators X

o a o 00 00
(X X7 ] = 0400, X7 £ 0, X7] X +ﬁzl-1r = 1
~N "N 1 A A ~
0'0 Oc
H = _Z tlj X Z S annj)+VLR—Coulomb
i,]j,o V]

Slave Boson method: X% =¢,_(1-n,_ )= f,b'



Results of X-method in O(1) order

1
co(k) = o~ qotolk) — 5 > Jolk+ p)ur(p) g,=6/2 = band narrowing!

1—06=2Y ne(p).




»Pseudogap” phenomena due to internal Cooper pair fluctuations

- pairing Hamiltonian: H=2Y2&Si,— 5 Y N (SeSg + 5705, )
ker k.k’

Y 268t — Tk (SESy+ S0
ko k.k’

N i ~ o T T
Sio =5 (e ~Cgeag =1 | ko = ikl

BCS theory = J._y = F = "longe—range" in k-space = MFA exact

FSP model = V, ,.=V,6(k-k") = TM™ =V, ,/4and A, =2T "
= "short—range" in k-space = lonrenergy bound states (Spinwaves)
M r. = qc‘l ~al2o

Q"

re/s)

S e

M. L. K., in Lectures of Physics of Highly Correlated Systems V111, AIP Proceedings 715 (2004)



Conclusions

- Tunneling, ARPES, optics...= EPI important for pairing in HTSC

- EPI strongly momentum dependent in order to be conform with d-wave

- Momentum dependence due to the Madelung energy and strong correlations
- EPI copupling constant 4, =2-3 and 4, < 4,

- all phonons contribute to 4,

- T . is dominated by EPI

- Coulomb interaction (and spin fluctuations) trigger d-wave pairing

M.L.K., RZeyher, O. Dolgov...
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