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FRM-II [ForschungsReaktor Miinchen Il (Research reactor Munich Il)] MLZ
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e Thermal energy nuclear fission reactor (cf. Power plant produces 4000 MW)

e 20 MW /60 days per cycle / 4 cycles per year / 1000 Exp. per year

e First neutrons: 2nd March 2004

e About 400 employees / annual visit of 1200 scientists / Annual budget: 55M € (including personnel)
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Neutrons MULZ
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Length and time domain with neutron scattering MLZ
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(In)elastic neutron scattering

Incoming neutrons, k;, w,

Scattered neutrons, kg wr

Momentum: Q = k;- K What we measure is a cross section as a function of Q and w.
Energy: W= W— W; v ’ ttort
if = 0, inelastic scattering agzne i SCAttering case...
> Dynamical property study d“o k¢ , ) .
=N— (yr,)?|F S 45— S*P(Q, w
T0dE. = Vi (o IFu (@ ;( o~ Q)8 (Q )

>
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Neutron spectroscopic studies in high-T . superconductors
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Superconductivity MLZ
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Heike Kamerlingh Onnes in 1911 (Hg)

. electrical resistance (1911) field expulsion (1933)
Mercury Meissner-Ochsenfeld effect
superconducting
transition A
el A zero >
R(Q)| resistance >
statel!! E
© 0.05} g
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Scholarly pursuits — General theory

Field expulsion - London equation 62/1’ L A_QA’

o= 8me? — - -

VB — 5 lWal’B =X"2B massive photons
mc

Anderson-Higgs mechanism
https://lwww.youtube.com/

watch?v=maVabYFczoY
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Superconductivity - Application MLZ
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no loss of electricity...  high magnetic field...

MIEHS

‘ 1 duferes Kryostatrohr 3

K"D*E"““'"‘“ 9 MagLev train. Max speed: 581 km/h
Isolierung

JR-MagLev, Japan
Autbau eines supraleitenden Kabel:
Superconducting cable to
transport electricity

RWE AG, Essen

KSTAR
Fusion

Hyperloop, TUM reactor
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Superconductivity - Application

owing to its quantum nature...

Electron pair pin _ 1 il 9l
/K:r Oy
a.k.a. Cooper pair o ﬁq > ‘ >)
|11)
(Superconducting) Quantum computer, IBM Z;i”z_ — ¢ %Q’N,> +‘ T\L>)
Superconductor helps -
... macroscopic observation of the quantum states ... { o >
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Superconductivity — need higher transition temperature... MLZ
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A
200 - Microscopic theory for conventional SC had
been established by Bardeen-Cooper-Schrieffer
1994 165 K under pressure  (BCS theory) in 1957.
- .
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Cooperp'air
https://dc.eduau/wp-content/uploads/cooper-pair-phonon.png
i LaBaCuOI_l Microscopic understanding of
18 mechanism for unconventional
Conventional superconductors . superconductors has not been
0 | | ' | » reached yet.
1970 1980 1990 2000 2010

Year B. Keimer et al., Nature (2015)
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Physical properties of unconventional superconductors

Cuprates b Pnictides/chalcogenides
T Al
! Pseudogap ) Structuralltransition

Nematic
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@

Holes Electrons Holes Electrons

A

What is the role of antiferromagnetism in superconductivity?

- Can collective antiferromagnetic fluctuations be a source of electron pairing?
(analogous to phonons in conventional superconductors)

- Neutron beam scattering experiment can help...
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Role of spin excitations in superconductors — Neutron can measure! NMULZ
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e Spin waves (or magnetic excitations)
Static state (E = 0) Dynamical state (E > 0)

PHeeebt  NbsAAA

Waldmann group, Universitat Freiburg

e Neutron spectrometer can meausre collective excitations

\ MW J Momentum: Q = k- k;
* ¥ ///////f L Energy:  E = E,— E = hi2m (k2 - k?)
m / if £ # 0, inelastic scattering

schnelles Neutron

PUMA
Neutron instrument

ICABU 2023
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Magnetic resonant mode in unconventional superconductors NMULZ
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Coupling introduced RPA formalism based on a Fermi-liquid model

xﬂ(q: G))

Xrea (Q, @) =
s 1-U(q)x0(q, w)
When, Due to the coherence 1 (  Ek€riq T AI{AR—I—q)
Ak Ak—l—q <0 factor n Xo(q, ) 2 ExEiiq

S
d £
A sharp magnetic
excitation appears at
the characteristic q and
w below 2A in the spin-

fluctuation spectrum

0 20 Energy
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Typical raw momentum-scan data in Co-doped BaFe,As, MULZ
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(HH1), 3 meV (HH1),9.5meV (HH3), 16 meV
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Hin (HHL) (rlu) J. T. Park et al., PRB (2010)
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Magnetic fluctuations in unconventional superconductors

T.=25K/BaFe, 3Co, 15AS,
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D. Inosov & J. T. Park et al., Nat. Phys. (2010)
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Temperature dependent resonance energy MLZ
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D. Inosov & J. T. Park et al., Nat. Phys. (2010)
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Magnetic resonant mode in unconventional superconductors NMULZ

Heinz Maier-Leibnitz Zentrum

3000 | a i i - b
= i é § i % 3
‘E g g
5 ; &
. ] i < =~
g i 1 =
T Nt N .
> $7 2 oted : PO &
£ H | iii | 10 S
s o =
S . e o 4 o 10k | 2 Z 400
- Ll
= ® 15K @ 20K 300
= 1000 | » sk o 28k ] Y (1afeV)
! Q=(-050.770) ® 315K & 36K Q=(-05077,00 ©2A 200
! : * : . ; . ! -+t~ 100
5 10 15 20 25 5 10 15 20 25 30 35 40
Energy (meV) Temperature (K) 0

P 500 4 d
400

] 1=

g 300 4 E

i 200 E;

| Ll
100

0 1oal 1
B : 0 T 100 D. S. Inosov, JTP et al., Nat. Phys. (2010)

0 2 4 6 8 10 12 14

Energy (meV) Q Wang, JTP et al., PRL (2016)

08.11.2023 ICABU 2023

Temperature (K)



Magnetic resonant excitations MLZ
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ign- - d-wave
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Correlation between E,  and T_?

164 O BaFe, CoAs, A
” % BaFe, NiAs
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MLZ
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e Neutron beam is a powerful experimental probe for studying collective excitations in
unconventional superconductors (also for condense matter research in general).

e Magnetic resonant mode in unconventional superconductors have been confirmed by
inelastic neutron scattering measurement

- hall mark of sign-changing order parameters

- spin excitation is a plausible candidate as a glue for electron pairs in
unconventional superconductors
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Map of neutrons sources

Spallation sources

| - AR
% TUDelft IFE ...

* SNS - linear accelerator up
glms o - ‘ to 1 GeV
e @ Mir
Facarfoacn * [SIS — up to 800 MeV
LENS /- 3‘?—'3' ”
4 ', — « PSI - upto 590 MeV
LANSEE- A
(”lmsm ED Atr.':imtft o

« J-Parc—upto 3 GeV

% Kyoto University
.+ Research Reactor Institute

’ - ESS-upto2 GeV
% « CSS—upto 1.6 GeV
H Qnsto > KOMAC in Korea up to 100 MeV,

but no target station yet...
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MLZ
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Neutron Scattering MLZ
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Incoming neutrons, k;, w,

Scattered neutrons, k;, ws

Interaction of neutrons with matter

neutron elastic scattering inelastic scattering
_ ~27 strong-force interaction  position of nuclei in solid lattice vibrations
mass m, = L.675x10 kg (“nuclear scattering”) (lattice structure) (phonons)
charge 0 magnetic interaction position and orientation of spin excitations
spin ¢ =, electronic magnetic moments (magnons, spin waves)
‘ - in solids (ferromagnetism,
antiferromagnetism)
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Zoo of Fe-based superconductors MLZ
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C. W. Chu et al., Nat. Phys. (2009)
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Magnetic resonant mode in unconventional superconductors NMULZ
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Temperature, energy, momentum dependent x’’ MLZ
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Physical properties of Fe-based superconductors MLZ
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Phase diagram Static magnetic order Electronic band structure
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I. Mazin, Nature (2010) Q. Huang et al., PRL (2008)
Proximity in superconductivity and antiferromagnetism @ @
Ordering wave vector coincides with the Fermi surface nesting vector. (BaosKo ) FesAs:

T. Terashima et al.,, IPSJ (2010)
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Pairing symmetry

Distribution of SC energy gap in the momentum space.

Two-band s-wave s.-wave

I. Mazin, Nature (2010)

For magnetically mediated (spin singlet) Copper pairs, the wavevector of electron
pairs should span on the Fermi surface with opposite sign order parameters.
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Pairing symmetry: Experimental evidence

Experimental supports for 122-ferropnictide systems...

ARPES NMR Knight shift
A Al (mev —
g4 o4 g (c)
szm S o ___H__.H-12 i TC 10.2
R ) 'llﬁ e Ba K ,FeAs, l - No evidence
B = - © LaFeAsO,_, 9 for sign-
1< changing order
— parameters
(
e 100
0 10 20 30 40 50
T (K)
- s-wave shape of order > S§=0, spin-singlet
parameter H. Ding et al., EPL (2008)  state M. Yashima et al., JPSJ (2009)
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