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Anomalous Spin Excitations in La,CuO, and La,_Sr,CuQO,

1) La,CuO,

* Introduction and motivation
e Experimental

* Spin Excitations in La,CuO,
e Comparison with theory

e Other Experiments

* Discussion

2) The pseudogap and La, 4,5r, ,qCuO, (UD22)



Mechanism of high temperature superconductivity

1) The ‘holy’ trinity: a 1950’s paradigm

 Local Density Approximation (LDA — DFT) band structure
e Random Phase Approximation (RPA) spin fluctuation superglue
e Eliasberg equations for the superconductivity

Structured excitations e.g. B. Vignolle, Nat. Phys. (2007); S. M.
Hayden, et al., Nature (2004) , C. Stock, et al., PRB (2005); V. Hinkov
et al., Nat. Phys. (2007)

2) The RVB picture: doped Mott insulator

3) Quantum criticality
Competing phase e.g B. Fauque et al., PRL 96, 197001 (2006)

A modern, but way too short history of the theory of superconductivity
at high temperature’ (Jan Zaanen 2010)



Generic phase diagram of cuprates
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Resonating Valence Bond State in La,CuQ,

The Resonating Valence Bond State in La,CuQO, P. W. Anderson,
and Superconductivity Science 235, 1196 (1987)

P. W. ANDERSON

The oxide superconductors, particularly those recently discovered that are based on
La,CuQy, have a set of peculiarities that suggest a common, unique mechanism: they
tend in every case to occur near a metal-insulator transition into an odd-electron
insulator with peculiar magnetic properties. This insulating phase is proposed to be the
long-sought “resonating-valence-bond” state or “quantum spin liquid” hypothesized
in 1973. This insulating magnetic phase is favored by low spin, low dimensionality,
and magnetic frustration. The preexisting magnetic singlet pairs of the insulating state
become charged superconducting pairs when the insulator is doped sufficiently
strongly. The mechanism for superconductivity is hence préedominantly electronic and
magnetic, although weak phonon interactions may favor the state. Many unusual
properties are predicted, especially of the insulating state.
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Resonating valence bond theory in 2D

* Spin "liquid” of singlets %ﬂT’¢>—H’T>}

* Broken singlet "releases” 2 spinons



Spinons in 1D antiferromagnets

KCuF; S=1/2 1D antiferromagnetic chain
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Spinons in 1D Heisenberg chain
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Inelastic neutron scattering (INS)
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Neutron cross section

Tl
Y o \' kg (yre)? lFQ(Q)
o AQAE ) gy, ki GPug

y Xy (d hw) + X7 (g, hw)
1 —exp(—hw/kT)

X/ Q

Neutron cross-section well known



Anomalous Spin Excitations in La,CuO, and La,_Sr,CuQO,

1) La,CuO,

* Introduction and motivation
e Experimental

* Spin Excitations in La,CuQ,
e Comparison with theory

e Other Experiments

* Discussion

2) The pseudogap and La, 4,5r, ,qCuO, (UD22)



[0,k 0] in 1662 A7

E=250 meV

MAP_450meY_combineb spe, sym(1,2), BEi=453.49 meY, =2
u=[1 1 0], w=[0 0 1], P=i=(u kij=90
slice 24D=:En=:25  h=-2:0.02:2 k=:III.III2:2

2 5 1 05 0 05 1 15 2
[h,0,0] in1662 A"

0.35

0.25

0.15

0.05

400 |




Spin waves in La,CuO,

La;CuOy
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Spin wave dispersion

SW dispersion along BZ (3/4,1/4) to (1/2,0) subject to two
competing effects):

1) Quantum fluctuations (beyond SWT) raise (3/4,1/4) wrt (1/2,0)
2) for large t/U the opposite happens due to higher order

exchange terms.
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Spin waves in La,CuO,

La;CuOy
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La,CuO, : q-dependent slices
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in La,CuO,
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La,CuQ,: High Energy Excitations
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Spin-wave Theory (SWT 1+2 Mag)
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Spin-wave Theory (SWT 1+2 Mag)

Z, = 0.4+0.04
Z,, = 0.47+0.1
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Continuum (2-magnon) scattering at lower energies
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Local susceptibility based on SWT (1+2M)
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Quantum Monte Carlo Simulations
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Points to note:

e QMC includes only J and assumes
lineshapes for continuum
responses

e profiles shifted to match the
measured SW pole positions

* Experiment measures
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Quantum Monte Carlo Simulations
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“Spinon” power law

Generalization of continuum Y (q.w) = Aq AChn ﬁq_)n/Q
scattering lineshape of the 1D (wg — Wa)

Heisenberg AF chain (n=1)
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Other S=1/2 Square lattice antiferromagnets

*Reduced (1/2,0) SW intensity and high-energy tail also seen small
t/U weak exchange AFs

Cu(DCOO),-4D,0 (CFTD)

N. B. Christensen et al.,



Cu(DCOO0),-4D,0 (CFTD)
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La,CuO,
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Cu(DCOO0),-4D,0 (CFTD)

SW amplitude dependence
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Resonant inelastic x-ray scattering (RIXS)

RIXS at the copper L, edge, Cu 2p = 3d
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RIXS in La,CuQ,
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Interpretation

e Low energies: bound spinons =2 spin waves

e High energies: Evidence for fractionalization. Spin waves
unbind into spinons.

e May also be other - coupled excitations
explanations (cf reduction of
multiband Hubbard model to
Heisenberg model only works spin wave
at low energies.)
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Excitations of RVB state: n-flux phase
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Fractionalized Antiferromagnet (AF*)
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Fermionic Excitations in Cuprates

: : - ARPES Pseudoga
Spinon Picture . el

40 ]

~

e Spinons are S=1/2 quasiparticles

. (1/2,0) =>two spinons (1/4, £+1/4)

e spinons model would need a d-wave Of
dispersion with minima at (+x1/4,1/4) “ @
and (1/4, +1/4) ? . %

|4], (meV)

20

-

o
[4}]

E
N
=

0.5

k(r.l.u.)

035 0 0.5

h(r.l.u.
( ) Underdoped Bi,Sr,CaCu,Oq
C-M. Ho et al PRL 2001 n-flux phase Lee et al., Nature 450, 81 (2007)



Anomalous Spin Excitations in La,CuO, and La,_Sr,CuO,

1) La,CuO,

* Introduction and motivation
e Experimental

* Spin Excitations in La,CuO,
e Comparison with theory

e Other Experiments

* Discussion

2) The pseudogap and La; 4,5ry ,oCuO, (UD22)



Magnetic excitations in underdoped cuprates
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La, 9,5ry09CUO, (T.=22 K): q-dependent slices
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La,CuO, : q-dependent slices

280 £ 10 meV

75 £5 meV 200 + 10 meV 262.5 +7.5 meV

0 025 05 075 10 025 05 075 10 025 05 075 1

0 025 05 0.75 1
h (r.l.u.) h (r.l.u.) h (r.l.u.) h (r.l.u.)
300 £ 10 meV 320 £ 10 meV 370 £ 10 meV 400 +20 meV

0.75

k (r..u.)

0.25

10 025 05 075 10 025 05 075 1

0 025 05 0.75 10 025 05 0.75
h (r.l.u.)

h (r.lu.) h (r.lu.) h (r.l.u.)



La, 9,5ry09CUO, (T.=22 K): q-dependent slices
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High-energy magnetic excitations in YBa,Cu,0, .
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Incommensurability parameter

La, ..-Sr, ,..CuO
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Local Susceptibility

La, 91550 055CUO,
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Fermionic Excitations in Cuprates
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2 . ARPES Pseudogap

Underdoped Bi,Sr,CaCu,Og
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ARPES pseudogap
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Pseudogap and ARPES in La; go5Srg 105CUQO,
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Local Susceptibility

La, 91550 055CUO,
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Summary

1) La,CuO,
* Néel state may be a "starting point” for ground state, but

other wavefunctions must be added
*The deviations from the Néel state are strongest at (1/2,0)
- Opportunity for comparison of experiment and numerical techniques

- Open issues: cyclic exchange, difference between systems, relevance
to HTC

2) La; 91SrggeCu0, UD22

* Pseudogap manifests itself in the

magnetic response as a reduction of

damping over wide energy scale. - -
2 <

U
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