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Conventional superconductivity

Key properties of a superconductor No electrical resistivity ( T< Tc)

19]1 } Normal metal Superconductor

A century of superconductivity
Helke Kameriingh Onnes (seated centre front) . ,
and his colleagues discover superconductivity. ' t

He receives the Nobel prize In 1913,
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It expels a weak magnetic field ( Meissner

effect)



Conventional superconductivity

Conventional superconductors & BCS theory

Role of electron-ion interactions
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John Bardeen, Leon Cooper and Robert Schrieffer
(left to right) publish a theory of superconductivity
that pradicts a maximum transition temperature of
30 K. They are awardad tha Nobel prize In 1972

Isotope effect : T.~ 1/(M)¥2-> leading of the electron-ion interaction

Cooper pairs : attractive interaction between 2 electrons mediated by the
distortion or vibration of the ionic lattice ( phonons)

BCS Superconductivity: macroscopic quantum state, made of the coherent
superposition of Cooper pairs



Critical temperature T, [K]

Superconducting materials
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Nature,2011

STILL IN
SUSPENSE

A quarter of a century after the discovery of
high-temperature superconductivity, there
is still heated debate about how it works.

BY ADAM MANN

The Challenge of
Unconventional Superconductivity

During the past few decades, several new
classes of superconductors have been
discovered that do not appear to be related to
traditional superconductors.

The source of the superconductivity of these
materials is likely different from the electron-ion
interactions that are at the heart of
conventional superconductivity.

Developing a rigorous theory for any of these
classes of materials has proven to be a difficult
challenge and will remain one of the major
problems in physics in the decades to come.

Science, 2011



Superconductivity without phonons

P. Monthoux'?, D. Pines™* & G. G. Lonzarich’

The idea of superconductivity without the mediating role of lattice vibrations (phonons) has a long history. It was realized
soon after the publication of the Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity 50 years ago that a full
treatment of both the charge and spin degrees of freedom of the electron predicts the existence of attractive components of
the effective interaction between electrons even in the absence of lattice vibrations—a particular example is the effective
interaction that depends on the relative spins of the electrons. Such attraction without phonons can lead to electronic pairing
and to unconventional forms of superconductivity that can be much more sensitive than traditional (BCS) superconductivity
to the precise details of the crystal structure and to the electronic and magnetic properties of a material.

Review Nature 2007
Electromagnetic interaction :
an electron creates an electric or magnetic polarization of the other electrons with which it couples

—elg, n(r,t)] — se[g,, m(r,1)]

m(r,t) = ng'Zm(l‘af)
Effective interaction

Vind(50) = =€ g 11 1) (598) g” 1 51)



Superconductivity without phonons

a i 1 b
Bare /I ‘>\/ Screened At t=0, the interaction is repulsive,
COU'OT} \i"“'omb but at t> 0, the electron creates an
o ., electric polarization in its wake
L 2 > I 4 > I
€ e —>»
Stationary charge Moving charge
c d

For a magnetic system, the product
Spin triplet Spin singlet s.s' controls the attractive or
repulsive character of the interaction

It can generate triplet (FM) or singlet
(AF) pairs

Border of ferromagnetism Border of antiferromagnetism



Symmetry of the wave function

The symmetry of a 2-electron wave function is imposed by the PAULI principle: the
wave function must be antisymmetric when the two electrons are exchanged

Spin singlet..... Orbital part of even symmetry :s,d, ... = |#)= Al T -1LT)

L8, ]-: i
s orbital

Spin triplet ..... Odd symmetry orbital part : p, f, ... — |9/’>:A'l”l'| TT>+A,1A A1A|l DY+A([T+]LTH)

warning: the spin must be a good quantum numbetr....

p orbital

a b c

Probability of finding
the second electron of a
pair when the first is at
the origin

s- singlet p- triplet d- singlet



Instability of the Fermi see

Why are there oscillations?
Why does the function decrease?

In the BCS theory, superconductivity results from an instability of the Fermi
surface. Only the electrons in the vicinity of the Fermi surface will fully benefit

from the attractive interaction.

Cooper's are formed in reciprocal space: <c* 5 C* >
s- singlet The oscillations come from the electronic states in the vicinity of k¢ that
benefit optimally from the attractive interaction.

The fewer these states are, the greater the coherence length is

Ak T, 100K
k., &  100000K

=10~

Sphére de Fermi



pairing interaction without phonons

Linearized gap equation

. T r{2) ’ O b 3 [
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k' i IFm!
Singlet pairing Triplet pairing S,=+/-1 Triplet pairing S,=0
ri2) lyrzz r4— lyrs -2 r - 2 o o .
VD = IVE 4V = V. Vi - _1yz iy, Vi dyz oy Dy,
Sp.ZZ 8P, +— ch
sP2z _ 72 E[]_ N [72 'tu_ S yeh 72 1m_ -
J.—L'H!l,'[.] ’ ]_—L'ﬁ,_[]p I—I_'["'!'L-le
Spin fluctuations Charge fluctuations
Vel vy arethe irreducible part of the charge and spin susceptibilities

EE}]{EI] — % Z Gk + q}[;r:l.;] If there is no magnetic anisotropy ( for instance

spin-orbite coupling effects)



d-wave singlet superconductivity and antiferromagnetic susceptibility

BCS gap equation

Relation dispersion of quasiparticle
Ex = V&e + Ax.
Vy + Interaction potential

The structure in phase-space of the interaction
potential affects the symmetry of the SC gap.

In the BCS theory, V,; ~ -V, when the energy of
the quasiparticles around the fermi level is
lower than the Debbye energy of the phonons
and zero otherwise.

"

Spherical Fermi surface -> "s" symmetry supra

The pairing potential based on the exchange of spin
fluctuations reads:

/I\/Iagnetic susceptibility

Va = S1x(q,w)

ql

(Y VL

On-site Coulomb repulsion

Let us consider AF y(q,0) peaked
at the AF wave vector q,= (m,m)

The gap equation has a solution if Ay and A, have opposite signs

Ay = A, (cos(k;) — C'Os(ky)'}lfQ



d-wave versus s+- superconductivities — multiband case

(a) /— antinodal points — M

nodal peints

antibonding band
bonding band

g (8V)

The interlayer hopping lifts the degeneracy of the 2 bands, yieldind:

the bonding and antibonding bands

I .-"r = 0.5
® / -\

A= —Z{cmkl - m:akr"}c-,[-cr_k_ =
- L

1
VN

YaaTXbb ~ AabtXba
The planar AF correlations are important

Bilayer structure

|
Az = Z{*Dﬁk:{'ﬁ-{'r_h.
k

XaatXbb << XabtXba
The out-of-plane AF correlations become important



Temperature

where should we look for ?

various magnetic states exist

Y Y r i
T 1 I ferromagnet

' 4 & ;
l l antiferromagnet
Quantum

critical i i & i & =
region ] L l fermmagnet
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Temperatura

,Jn quasi-2D antiferromagnet

example

/

Magnetic

MNeel ordered state

HHHHHHl

Classical -a'pm wave excitation

lﬂ’lﬁ’l?l?l?l?l

Spin fluctuations correspond to
dispersive collective modes

ENERGY |

45 -

Antiferromagnetic
magnon dispersion

/
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MOMENTUM

2n/a

order

Control parameter

l

at QCP, spin fluctuations
display a ®/T scaling
behavior

Nearly antiferromagnetic metal

Spin fluctuation are of relaxational type

Y wl’y

X'(q.w) =

[y =To(1+&(g— q0)?)

1+ (€92 w?+172

Energy

q—qo




collective modes vs Contunuum of elementary excitations

dispersive collective mode

* Ordered state

Néel state

Spin fluctuations correspond
to « magnons »

continuum of excitation

* Quantum disordered state
Spin liquid

Spin fluctuations correspond
to pair of (S=1/2) spinons

Méel ordered state H
l T l T l T l T l T l T l .-"l.r:IiI'L*rri'l.'rm:!';ln"Iii'
:C magnon dispersion
Classical spin-wave excitation g 45]
=5
T
0 | n,l"r: 2rfa
MOMENTUM
ﬂ Spinons in 5=1/2 AF chain H - Spinon :':m:i:'ll;'.:_:"_".
RFE AT IR R NN
e
R T e

MOMENTUM




Itinerant magnetism

In @ metal, spin excitation correspond to electron-hole excitations

1
B o E .+ 7o
‘Sq — N Ck+q,0'9Ck,c’

k.o.0’

----------- Fermi level
S§ = 55 +i8) = 2 g ron
L‘
Y — T el ]'
Sq =5 +1i5] = _Xk: CR+q,1Ck,1 assumptions
| -single band
-non SOC
Non interaction spin susceptibility: Lindhard function
Hamiltonian: H =) ¢&.c+recko—gup Y S;H_,
k.o q
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Equation of motion: z+ =ileg.oep o H]
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Free electron gas

Lol

fermiology

In a free electron gas (jellium In a real metal, electrons move on a crystal

' lattice by jumping from one site to another....
The equi-energetics acquire a particular shape
or topology. For the same wave vector and the
same amount of energy, the system can then
make a large number of excitations.

The susceptibility without interaction will be
structured in the phase space

model), the occupied
electrons are distributed on
spherical equi-energetics. The
magnetic susceptibility
without interaction has no
particular structure in the
phase space.

Electron on a square
lattice

2k¢ processes

The non interacting
uniform magnetic
susceptitility, is called the
Pauli susceptibility and is
proportional the density of
state a the Fermi level

Xp = ﬁu#%ﬂ[EF}




what enhances y ?

The order of magnitude of the non interaction magnetic susceptibility is of a few pg?. eV
The threshold of experimental detection is a few tenths of pg% eVv?

Causes of enhancement of y
Toplogical properties of the Fermi:

* nesting proprerties: for a large number of | k> states, one gets : &= - &y.q

* saddle point: Van Hove singularity which triggers a divergence in the density of states

Interactions

Electron creates a magnetic polarization, so that each electron feels an effective field : f . — 4+ _U_ 7y
|,|'.-I.—u
With Ml = vH 2
_ M _ B XP
One obtains :X = &1 ‘U:r[l + m‘ﬂ o y = —7 o
popg
| o o . - | L Xolq,w)
in random phase approximation ( RPA); the interacting susceptibility reads: Yig,w) =

Jr —
| stands for an effective interaction. z 1— m‘u] |]. &1}



Itinerant magnetism : SC state

iss
2 1(1 L Sk )
. i U, = — _
BCS wave function: U= H (ux + vcicty ) |0) : 2 E;
k 5 1 Sk . 0.5}
\l \ v = 5(1 — E_k)
The pair is absent The pair is present TG
ULV = 3E_k

At zero temperature, the one-particle states are empty.
To be able to make electron-hole excitations, it is necessary to break the Cooper pairs. So there is a
minimum energy to provide.

The quasiparticles in the superconducting state, appear as a combination of a hole and an electron.

Bogoliubov transformation: Y ) = UkC_x + l-l’k(7+ > Ek - \/£k2 ) Akz

the Lindhard function transfoms into the BCS function



BCS spin susceptibility: coherence factor & interference effect

__________________________

+ p—————
Y_x = UkC_k + VkC™ | Exy = V&2 + Ax.

Electron or hole

Mixed = electron & hole

v 73 ng (&) — nF(Ek+q) BCS, . 1 snf(aE) — nf (BEk+q)
odW) = 55 - Sk W)= — 7\10 c
XolGw, N ; W+ &k — Ek4q + 1€ Xo " (9W) N 2}\: w+ aE) — BE}+q i€

Coherence factor

As T-> 0, close &~ Exiq™0

‘ 1 gl
:\1’0}\3 (1 +a );sk-%—qsk 5 k+4qg&=k

k A}‘*HIAI . Ek-i—qu
‘- JAVERRYAV? ‘

The coherence factor probes the sign changes of Ay

E 1 ,
a3 a -
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BCS susceptibility

The Stoner continuum is gapped
The threshold of the continuum reads:

wWel)

= Min(E;, .+ E;)

Around Q,f, the SC order parameter changes its sign and the coherence factor
is non-zero !l
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@, Rey(q, w.) diverges



Ko (Mg eV)
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The spin exciton scenario
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A collective mode is pushed below the continuum by interaction

V(q)= -2J (cosk, + cosk,)
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Im 7

The spin exciton scenario

Imxlq.w)rpa ~ Zla)00hw — hwe(q)) | Bimji/ng e
- mh 0 .
Spectral weight:  Z(() = —— [ Rex"(d,w)| ~(o.— o)
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L

below the threshold of
the continuum
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Itinerant magnetism & unconventional superconductivity
Interaction effects

The RPA approximation is generally used in the limit where the interactions are weak and can be treated as
perturbations. \
\o(q o )

N | [v\u(qw)

X(q,w)

The approximation is not suitable for treating:

- Systems in the vicinity of a magnetic transition and a quantum critical point.
- Strong correlations (U larger than the electronic bandwidth)

Effect of correlations:
1/ magnetic instability: denominator cancels at zero energy, 1-U Re %,(q,0)=0 (Stoner criterion)

The susceptibility diverges: a SDW develops with the propagation vector q

2/ superconducting instability: the pairing depends on the ability of electrons to polarize other electrons.

For a singlet superconductivity, the interaction potential depends on U and on the interaction susceptibility (RPA)

‘, AR SF

e Ux(q,w)

N



The strong coupling limit

When the electron-boson coupling (phonons, exc. Mag., etc) is strong, it is necessary to treat the BCS model dynamically
and use the Eliashberg equations.

Green's function of quasiparticles (G) and Cooper pairs (F)

9 9
. Ui Ui
G(k,w) = L s L
‘ W — ]:;_- + 1€ W+ I:;_. + 1€
| | ;
F(k,w) = —upv( — —)
av‘—];z{-+-1( ..J--IL;;-*}-I(’

Owing to a strong electron-boson coupling, &, et A, are strongly renormalized

&k — &kw=E&k+ Lo
Ar — Ay =40+ P,

(()) /

Y(kw) = E / dQdvImx(q. QImG(k + q,v) ,qk{nn ()l :L:/z; IN.

¢ c ,,,"! — Vedis N . 1 ;}»._Q] -+ ”[-"::1":'
‘1)!‘_1 W _- :\ E / d$dd: Im\(q Q)Im[ k q,1L ) L{ e }



The hallmark of a strong e-ph coupling

Example: in lead, the density of electronic states (measured by tunnel junction) shows anomalies at
characteristic energies corresponding to maxima in the phonon density (measured by neutron
scattering).

dN(E)/dE
\ ,'N-J\:A\ fﬁl\\" =
RN
| .l ||.‘ 0 2 4 6 8 10 mev
N(E ) mmmm—> ¥ phonon density (as measured by
& T /inelastic neutron scattering)
N :
AL . '.| lz Stedman Phys. Rev 67
\ | |
Mc Millan PRL 65

80 em™




Self-energy and electron-boson coupling

Particles are coupled with a single boson o,

i ; 1 i i
k q - kg
the single boson w,: (i) a phonon, (ii) a magnon, (iii) a CEF exciton, and so on ...

* Bare Green functions * Renormalized green function pommm—————

I b
| |
ol ke o) 1 a7 R T B I SR T TSI TR
'I:]I_L- ||.J.-;l;- I — = {.F'. : Ill.n_';':- | — {Fl_]l_uil- II.J.-" I — :_- | |EI. |||.r_'|_! [
Ill'.-i.-'" - :-l:.' : :
1 1 | o1 i
" - —_ ] - —_ ] Y
jr}|]| I::II'_ IiI"Ili'i'i | = - — — ) ,|r_,-||:-|::||' 'Iil"'ll.'.: .:I — .Ir},]| I:..Ir' I'I--";.i_i I —: l|r_|r |:-|:'.||' ||I-'"|_|I! ) :
W — Wy Wi, 7 Wy E ____________ E
; ] g o2 Olwg) + flep)  Blw,)+1— fleg)
Soep\ Ry Win ) = = > 1Gpgel” | - P
q Lt i III.-..-|| 'l_ .J.-q — o) B - L — =k
I, (ivy) = 1 Z(’{ g |2 .l'rl.;-i' | — .l'r'-=ﬁ.'-' / N for constant « g » , one gets the
e N WER G 4 e — e L non interactiong susceptibility



Self-energy and electron-boson coupling

Energy

Spectral function plotted in logarithmic color scale assuming (a) no w-dependence of the self-

energy; (b) Fermi-liquid-like scattering rate; (c¢) weak coupling to a bosonic mode £2; (d) both Fermi liquid

@D(imﬂ) = T — _29/(':":21—'_!}2)-

A

Intensity

contribution and strong coupling to a bosonic mode; (e) the same as (d) but in the superconducting state with

Peak-dip-hump

a k-independent gap A. The real and imaginary parts of the corresponding self-energies are schematically
shown below each image.




The hallmark of a strong electron-boson coupling

: I, 2w
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Intersity (counts)

The hallmark of a strong electron-boson coupling

Magnetic excitation Differential conductivity
(inelastic neutron scattering) (tunneling junction)

PRL93 Nature 99
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g ¥ V(mV)
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Energy transfer (maV) Pois suppmessed in a magneto field of g/ =03T

Theory
(Eliashberg equation)

Sato,
Nature 01

obd 1 —l R
0 2 B 6 8 10

Vbias /A sc

Fgure 3 Tunnelling density of states calculated as function of the applied voltage W, for
varnious temperatures. NN, is obtained from the analvtic continuation of the gap function
@yko,) which s the solution of the first Eliashberg equation:

a0k YPo(lews)
¢|.| L) == TT‘ Y\Vrln"-. =) > - -
olla S L R b + (K ) + DK, )

=
Here d(K) is the k-dependent form factor of the anisotropic gap function in equation (3),
I Is the amplitude of the corresponding pair potential, d(K. iws) = d, (K)Py(lw) and
w(k, ko) isdeterminedbya s " "7 quation. We solve the equation for



Magnetic neutron scattering

Y. Sidis
Laboratoire Léon Brillouin, CEA-CNRS

Cargese-2022



Neutron scattering

Neutron:
no charge spin’: plane wave energy state
V(1) = ﬁc’ik'ﬁ By = 7;\1‘; Lo
Target: energy state
E)\ ‘)\ o
Scattering: initial state final state

koA >

> Lileat

Kinematic constraints B + B

—

h(Q)

Ex + Eyr
h(k — k')




Cross-section

Probability to be scattered in a sold
angle dQQ with a final energy state
between E’ dan E’+dE’

Inc dcm

‘l‘th’ l/é‘fgﬂ//

dQ) = sin(0)dOdd.

Probability for the incident Density of accessible states k'
ne.utron to be in the . oF,
spin state |o> (2"')
1 = gy 00 K7 Ok
- K W5 e s
do = [f],zpa /\Z\:])A[II].[D] = Gy b 3 000y
o0’ A

Probability for the target
to be in the initial state |A>

e_‘BEA
Neutron flux PX = 3= —FF;
A

_ 1hk
5=




Partial differential cross-section

do = [%] Zpg ZpA (W].|D]

0’ b, 50 e ﬂ

[J W corresponds to the probability of a transition from |koA > to k'’ N >

Th|s probability is given by the fermi’s golden rule
( )]AU)\>‘2(5(E)\—I—EA—E)\/ Ek’)

l

Scattering potential

21

W= "] <Ko'X|T

Partial differential scattering cross-section

do e o \[ By
o = = (Vo—=3)2 D pe D, pal <K' N[V (P)Ikor > 26(hw + Ex — Ex)

o0’ 5 ¥ )




Nuclear scattering potential

Interaction with nuclei Xray | o @ Neutrons

A B I h?

Val(F) = = b (7 — R).

b = scattering length
Positive or negative depending on
the isotope

00OE ~ k; L J/_




Nuclear scattering cross section

do ( do ) ( do )
. QOdE’ F T A dOdET ] .
Elastic -1 d)dFE dQ)dE elas dQ)dFE P

do K\ (21)% «— _ =
(deE’) das  \E] w0 Z )

o

Fi(Q) - ()‘(W')

Static structure factor: | F(Q) = Z by ¢iQ Tee—We
Inelastic ¢

do k! '7(2,’7)3 g v B
(deE,)inclas a T‘\ Uo Z:': O(Q T q_)

(1 + n5(@))3(w — wi) + np(@pd(w +w3))

Fu(Q):
| np(w) = (—,—;,l—_l the Bose-Einstein distribution

Phonon creation Phonon anihilation

Phonon polarization

dynamical structure factor: | F(Q) =) by @™ eV ———— (Q.eq,(>




Magnetic scattering potentials

Scattering potential: Erne = —pin.Be
e ™~
Neutron: magnetic moment operator Target: distribution of
i = YuUNG internal magnetic fields
B.(R) = Ho 1‘Ot(,u.e X R) D R =) (1) Spins of unpaired electrons
T 4x ~ RS O ° T R3 (2) Electronic orbital moments
(1) spin-only scattering: Dipolar interaction with electronic spins (2) unpolarized neutron beam:
S e X R | ,_ -
B.(R) = — | rot(—————)- Po < O'laag,d‘o' >= 0q,3
920 I | g L | | N | probes the F.T. of the spin-
== = L (yr,)? Z dt (S ; S :(t) e'@ i ¢71Q Rilt)y g=iwt | opin correlation function
OONOF' ki ' — | _ e o & ' . )
5, V0 in space and time




Magnetic scattering cross section

N 1s the number of unit cells Q =k, —k;

Debye-Waller factor
cbye-Waller factor E—ho—E —E,

E; = h*k?/2m

I 2,2

d*c Nk Ef=n kf/2m
Lpe 2“’2( - QaQ,a) A(Q. o)

dQdE  h k;
aff — \
\ Magnetic structure factor

Orientation factor

p = (rro/2)*¢F(Q)°
vro/2 = 02695 x 1071? cm \
g~ 2 1s the Landé factor

—

Qus Qﬁ are the prq]cctlom of thc unit wave

f(Q) is the magnetic form factor
Q onto the Cartesian axes

Cartesian coordinates



fluctuation-dissipation theorem & sum rule

S (Q,w) is the dynamic spin correlation function.

its is related to the imaginary part of the the dynamic spin susceptibility ;(gﬁ(Q. )

A 1 Xgﬁ(QJ'ﬂ)

Fluctuation-dissipation theorem: SP(Q,w) = —
T (1 — e ho/ksT) g Uy Unit: pg?. eV?

with /" (Q.,w) = (1/_3)?1‘(};{%((}.&)))

Local spin susceptibility (@)= [/(Q.w)dQ/ | dQ

(m2) — 3h [ 7 (w)dw
"1 ) 1 —exp(=hw/kgT)

Local fluctuating moment

Global sum rule M? + (m?) = ¢*°S(S + 1) M is the static ordered moment (if any)

note: one measures M, the magnetic component perpendicular to Q



Polarized neutron beam : « full » polarization analysis

IN|2 nuclear scattering Chiral terms

S

-------------------------------------------------------------------------- My, =i (M7 MY — MY*M7)

Interference terms

Q .
Y R, =N MY + N* MY
R, =N M + N* M;
x|l Q
v 1 Q

z 1 scattering plane



Polarized neutron beam : « basic » polarization analysis

(++)=(--) NSF
(+-)=(-+) SF

No chirality

No N-M interference

A

x| Q
v L Q
z 1 scattering plane

The of neutron is polarized.

R is the flipping ratio, which defines the quality of the polarization
The scattering processes are spin-flip (SF) or non-spin-flip ( NSF)

B 1s a background term

NSI is the nuclear spin incoherent scattering
— moments within the nuclei of the 1sotopes

/g_f;F\ (RRI12R/3+1/3 (R+1)\
oSF Il R 12R/3+1/3 (R+1)
oSF I | R 1 12R/3+1/3 (R+1)

""" NF | T(R+1)| 1 1R R/3+2/3 (R+1)
NS R 1R R/3+2/3 (R+1)

\(FZNSF) \1 RR R/3+2/3 (R*l))

(5

-
L

N
NSI

\ 5/



Polarized neutron beam : example

AT

X
o Sf~M +M
x Y £

[H, O, L] plane

N\

M, and M, are magnitudes of spin

(b) M,
A y X
~ ”91
3 Tom,
-
)5,
r ol
K H(rl.u.)
SF: 5, ~ (L/Q)2 M, + M, + {1-(L/Q)?} M.
SF:o, ™ M,

SF: o, ~ (L/Q)%2 M, + {1-(L/Q)?} M,

Inag ~ {1-(H/Q)?} M, + {1-(K/Q)*} M+ {1-(L/Q)*} M

excitations along the y and z directions

Polarization sum rule

oy ~ My + M,

o ~M,

oSF ~ M,

s



Instrumental resolution

Measured intensity proportional to S((—jw) % R(Q’w) - Ex: focussing effect
\ } i
| : \ Resolution ellipsoid
The Fourier transform of the theoretical structure factor |
convoluted by the instrumental resolution function i A
! Energy

R(Q.w) = Gaussian function (4 dimensions)

Resolution ellipsoid

Simplified description (Cooper, Nathans,1967...)

The resolution function reads : Roexp(-XtAX) —n'!ﬁ o
X stands for a 4D vector : (Q-Qo,W-wy) N | Q !
I\ |
! 08 1 |II: II', :
: 13 L3 o6t .'IIE II'. :
with RO = VlVf w/det(A) %[2 Vl_pmk| COt(qm) et Vf_pakf COt(qa) . oa L I.'I : '.II ,.f/T\_
02 "I D / : \
N RN '.
-1 —0.5 ) 0.3



INS: triple axis spectrometer (TAS)

Triple Axis Spectrometeur [TAS]
(IN8, IN20, IN12, IN22 @ ILL)

Neutron Guide

Monhochromator

Monitor
(ollimator
Diaphragms

analyzer

2

(ollimator

Analyser

Collimator

detector




INS: time of fligth spectrometer (ToF)

d

Time frame—

incident neutrons
:: || || ||

Choppers
Disk Chopper
~
U
: |
slow
neutrons
a=0t=0d Elastic response
One chops the neutron beam to prepare Fast neutrons

of a certain time frame,
with a repetition time that allows the
superposition of information in the detectors



INS: time of fligth spectrometer (ToF)

Time of Flight (ToF) spectrometer
IN4-Panther, IN5, IN6-Sharp @ ILL
FOCUS @ PSI

Background choppers Monochromator ‘

e

)
(o)
()
()
00

000°

Diaphragm| | Sapphire filter

0000

Fermi chopper
Monitor
Diaphragm

) {

Beam stop

>/
o,
. 2900000

<2222 collimator

Small angle detector




Time scale

Neutron spectroscopy can be used to probe the nuclear and magnetic
structures of a sample and the related nuclear and magnetic excitations.

This is a bulk and non destructive measurement.

length [A]
105 10¢ 10 102 10" 1 10°
I 1 I 1 1 .I
10% |- - synchrotron radiation
L /Ie / "‘;-"
3 § % &
2 = &5 4%“«-‘
= 109 L C / /A"s‘¢°‘\
% 5 A New
£ &ﬁt ‘*x\;f.\o ,,
w 108 | F
& @ .&. -
@ — i ~-rays S | %
(V] 109 | i e 3 : I
1012 photon :
correlation speclroscopy
visible :
- range - X-ray range
1 1 | 1 ; 1 1
104 10* 102 10 1 10!

momentum transfer [A-]

4 10m

107

1012

-
o
©

[zH] Aouenbay

108

10°

Neutron scatering vs.
Other inelastic probes

Neutrons ( 10-12 s)

USR, MossBauer spectroscopy

NMR T (107 s)
(10¢ S)\

Local probes

Technics
INS and RIXS : %(q, ®)

1 Imxas(q,w)

SQ'B(Q'"‘)_TI—eap —hw/kpT)
2

: e o o | Ex: cuprates
§ L L L ]
£ 0
D‘-’ L ® L &
x 4l

L L L L
-2

2 -1 0 1 2
H (2rw/a)

NMR local: 4, ®->0
spin lattice relataxion 1/ T,

LB, Im\ qu,)

(130 =

Z |A(

w—0

Hyperfine factor



Magnetic neutron scattering : examples of states

q=0 states in e-h channel [intra-unit-cell instabilities]

Ferromagnetic

Nematic ( d-wave)

& excitations

charge spin Loop current
FS I -~ -~ - =~
P N PRSI ERNEN / \ / \ T L .
Vs \ /7, S\ / \ L == / |
/ \ 17 W\ I ! 71 [ IEN / h
| I ] 11 I ! [ N i ,
\ I \y 11 1 I \\ 1 | ] \ !
\ / N 77 \ I N _1-7 . -
Sel -7 NS --27 \ / VT ~-"
1 IRNEES .y Ny
~- < ???
Unit cell
magnetic structure factor m 0 m 2{cos(ntH) — cos(nK)}  m 2i sin(2w x,(H+K))



Magnetic neutron scattering : examples of states & excitations

g=0, density wave states in Cooper channel

g=0, density wave states in e-h channel , . :
[ breaking of lattice translation symmetry]

[ breaking of lattice translation symmetry]

SpinDW q(1/2,1/2) CurrentDW q(1/2,1/2) PairDW q(1/2,1/2)
| s-wave, d-wave ?-wave , S=1
,I' ‘\\ ,’,ll’,——J\:\\\ ,f’/li—_"l“;\\ ,,','I’__"‘\_\k
\\ / \\ :\ \ / ’ IS // /I ~\\ \k ,/ . /,
Unit cell

pure imaginary
order parameter



Spin dynamics in HTc supercondicting cuprates

Y. Sidis
Laboratoire Léon Brillouin, CEA-CNRS

Cargese-2022



Crystal structure

Layered materials, made of stacking of one
or several CuO, layers per unit cell,
separated by other atomic layers playing
the role of charge reservoirs

Building block: CuO, square plaquette

a=0=3.
(a) h=382A
D‘ -— - - — e e —
|
- pseudo- |
etragona
o tet |
I unit cell

Big ng C«HCUE Dg



Minimum model

(a) MOTT-HUBBARD
£ 4 NSULATOR

(b) CHARGE-TRANSFER
EA INSULATOR

{;29 Ba_njD P 1
>

DOS DOS

Effective single band model
* Hubbard model

Z r” Cig + U Z”‘”zl

i, j =

IT L}
Nig = €, Cia,

(c) ZHANG-RICE SINGLET
E4 SCENARIO

2" order

perturbation theory

_ 12U

H=F

At zero doping, cuprates are charge
transfert insulators.

In the CuO, plaguettes:
* 3- band model

I,;m, I H.e

H Z i! Z _|< rr.l-:'1;r.|-:"l o

-
R o1

|'c,-—;e;z.'e§:, . If'-ddZJllari:u . PFZ 1 a-ZII

]
g

the O2p> and Cu 3d° orbitals hybridize into the so-called
Zhang-Rice singlet state

-1:!
- (Ea-E, .'3
Effective single band model
* t-J model
T S..8 1 -‘ projection operator
Z LijCig Cio Z e J excludes doubly
<> <ij> occupied states

S;i = _l,!-;T Tn3Ci3

bt Vi |



Generic phase diagram

T

Schematic doping phase diagram of
electron- and hole- doped High-T,

superconductors, showing:
metal: p ~T -  The d-wave SC state
- The so-called pseudogap state
Normal

Metal : p ~T?

T, Heisenberg AF state

Dop 4
holes CH{*"""\.
0.1 0.0 0.4 0.2 = /\
electron doping hole doping .




Generic phase diagram

T Ainsulator metal
T, 1/ various _
electronic . . true symmetry breaking state
. pens 2/ various pictures (i) which ordre parameter?
instabilities

(ii) role of fluctuations associated with
the broken symmetry

crossover

dogap
ase =~
If "\
chipient
ICDW,

0.1 0.0 0.1 0.2

electron doping hole doping .0 0.1 0.2

hole doping hole doping



Generic phase diagram — AF spin susceptibility

Doped AF Pseudo-gap

AN N/ e
AV AIAY D

XO(qAFI O)

oS




AF state

B. Keimer et al, PRB 1992

« (rlu.)

LGZCUO“
1.20 '°°°9Q° (ﬂ\ -‘ ‘000 -
075 - ) ~ (1- T/TN) 2B 800
" ‘
60
@ 400
0.25 ~i . Q:’o TN - G}
—— SBMFT % £
00 ﬂl» 200 3?” 400 500 ~ 800 F
Temperature (K) »
3 60
La,Cu0 =
0.045 M risiot. B8 £
c
r ===Ref. 22 (2mp =0.94J) 7 2
— Ref. 22 (2mp, fitted) 1000 |
0-030  emee R.f. 22 mOdlﬂ.d 800

0.015

600

400 1

Temperature (K)

Wavevector (h,k)

La,Cu0, , (T\=325K)

k1=

Correlation length:
S=1/2 Heisenberg AF
(quantum non-linear c model)

27p
T

¢
27p

§=0.24 exp

5

¢ =850 meV A
27p, =0.94J
J~ i35 mevV

Chakravarty, Halperin
& Nelson, PRB 1989



AF state

La, Sr,CuO,

J : super-exchange

R. Coldea et al., PRL 2001
N. S Headings et al., PRL 2010

e e Compound T Mcu H Crystal Layers Refs.
H=J Z S; - SJ (I?) (p(;) (meV) Symmetry per cell
{2.5) LazCuOy 325(2) 0.60(5) 146(4) O 1 [65, 64, 68)
Sr2Cu02Cla 256(2) 0.34(4) 125(6) T 1 [69, 70, 71]
. . Ca,CuO-Cl,  247(5) 0.25(10) T 1 [79]
Llnear Sp|n wave theory Nd2CuO4 276(1) 0.46(5) 155(3) T 1 [73, 74,75, 76]
ProCu0, 284(1) 0.40(2) 130(13) T 1 [77, 73]
YBa,CuzOe:  410(1) 0.55(3) 106(7) T 2 [78, 32]
at low energy w=cq TIBa;YCu:0- > 350 0.52(8) i 2 [79]
Cao.855r0.15Cu0> 537(5) 0.51(5 T . [80
¢ = vV8SZ.Ja/h i i 4 St il
7.~ 1.18
. 350 I T T | 1 <
corrections (@) = IR IV
: 30 ] k| S
(ring exchange) *"% + gsi. My
;250- x 74‘ £ 7
Q | X
£ 200} \ j 1 o nhos 1
super-exchange 3 \
P g€ 21s0 \\ / -
W 500} \ f -
\!
S0 \/ E
anlsotropy gap \1
(33.112) (12,12) (1/2,0) (3/4,114) (1,0) (172,0)

wavevector (h, k)



Lightly doped state

* perturbation:

La,_Sr,CuO <0.05 L, qeSFq 0,CUO Low energy spin fluctation do not look like
2-x~"'x 4 1.96 0.04 4
R damped spin wave, but display a singular ®/T
. 5 o C 4.5me¥Y ¥ 20meV - 1 i
Magnetic correlation lengths are i ' :
blocked by doped holes: ' 14 :
. —~ 2 " L @ (0]
Z : J d*ex"(Qe)=I(|o|,0)arctan |a, = +ay | 2
3 st 412
£ 4t 11
Inverse Magnetic Correlation Length 2 3 10 1.25 s Lai_”Sr'o_o‘Cu04 i
0.06 ™ T T P 2t {4 . T T T T
o L02Cu0m e 1| 3 .0 'o o
0.05 © Loy 945r,02Cu0, _§ 0 {2 1.00 B 2o Z “ 5 ; o v
v Lo, 457,03Cu0, = 3f ! — : o 2meV
0.04 & Lo, ggSr,04CU0, Q9 0 2 075 -v = 32:V N
=008 ?,, ; ; ;: 4 j égzyv
= o0 S 050 s 12mev 1
£ ‘ v Sy
2 0 0.25 0 45meV :
0.01 1 4
° q 2 0 1 1 1 1
0 g L " \ i 41 0 1 2 3 4 5
0 100 200 300 400 500 600
Temperature (K) 2t 0 o
i i : ; ‘ , , B. Keimer et al., PRL 1992
) — T 0)+€(0 Ty’ 0 100 200 300 400 500
:I:! S '7:1 b ]
® ' & Temperature (K) S. Sachdev et al., PRL 1992

A. Chubukov et al., PRB 1994



Lightly doped state

* perturbation: Doped holes frustate the AF correlations and modify the spin texture
The AF ground state is destroyed

‘\—>(

(i) charge segregation (i) twisted spin texture
diagonal stripes Vertical stripes
OOOO® ODOOOO 0JOI9JO0X0 Spiral AF state
00000 20000 0000 I
S G 0JOI1010, oJolslole SHLIRNES
DeoeY o]ol01010 POO®PD VIR
$JO0I010X0), OOO®O® o -
H
0.5 AF
oJo Incommensurate —ege—>
« ¢ 0> o0 spin response @)

\4\‘_
.



Lightly doped state: spin glass state & nematicity

s @ YBa,Cu;0¢ 45 o /T scaling

|
| — —
N (p=0.08 T.=35 K)
along a* E=3meV, k= 155A" along b* T T T
— I- 5 b ’_'__ ”__Y_.
110 L >> o '0 1
oy fard 508— ; © -
H & 1000 S
g {os§ 500.] ’:“‘36— ; 0 o=imeV i
E 2 0 = ]
I 0.3} %'34— . ; ié -
04 05 0.6 07 F oo [,335 ) ) J
E Kirlu) F 021 — f{KFxtan [056x+0.0%]
T T T L] T T T ! I' 16 I é l
0.045 | e 5 1009 it
1 ® A
; 0.040} | o 21 0.08 50 meV
> 0035} % i %0.07 _
- . E
N =
E 0.025} ’ 10.05
: e
£ 0020008 O ¢ 10.04 A
|© n 1 n 1 n n 1 n 1 n 1 A
A 0 50 100 150 200 250 300

T(K)

Spontaneous onset of
incommensurability at ~150 K

V. Hinkov et al., Science 2008
V. Hinkov et al, PHD 2008



Spin dynamics in YBa,Cu;O,,,
(x=0.6 p~0.12 T.=63 K)

P. Dai et al., PRL 1996

1600 - 1 ! '
(0.5,1.5,1.7), AE = 35 meV
Q

1200 b
P. Dai et al., Science 1999

H.F. Fong et al., PRB 2000
C. Stock et al., PRB 2005

100 150 200 |
Temperature (K)

Resonance peak
E,~5 kgT.

YBachQOG.s (Tc =627 K)

Spingap forp>0'09 LT N LALALAL SLELLILIN PRI ELELE PRULEUTLEN ILELILEL) LA P b UL BLALELRL S LI FPLOLLELE SLELELILE PROLELELR] ILIRUIE T
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a ' i 20 LA T=80K T=290K
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30} B Dol aral ’ i * 'I-. 15k T<TC Tc <T<T T*<T |
> R Fogaia | — o 3
E} 20k e Tr.s'oa.pa} H | Spln gap - 10 -
1
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S . | N o o e BTN T T U N O NN O O 0 0 (PN trr e b v v bl
ng‘o E = 0
i : 3 15 |
el %, SCstate PG state
1 -
1 Uy 1 N
00 ’0 40 = 60 80 100 5 2
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00— A —
7. ROSSGt-Mignot et 0/-, PhySiCG B 1992 0 50 100 150 200 O 50 100 150 200 50 100 150 200 250
Energy (meV)

Li etal.,

PRB 2008



2D

X-Y Dispersion in YBa,Cu;O,,, |
()( =O.6 p ~; 0.12 TC=63 K) }{ High energy

K(rlu)

low energy
Quasi-1D

K(rlu)

V. Hinkov et al., Nat.Phys. 2007
S. Hayden et al., Nature 2004




YBCO:Zn : Comparison between INS and 1/T,T NMR

L L N RN

¢  YBCO. 7n - NMR “cu -I ; ™ . V. Hinkov et al ,
goo | © YBCOn | 4 1 M-H, Julienet 1 pycleation around Nat. Phys. 2007
~ » SMel x 1%2zn al, PRL2000 { - a point defect ' '
:I !T"m'EIII'I = *1. & ._,r 1 o, i B S« N S
5 400 " { . L ] E=
— A0 D‘JU'}U'GGGEUS - 1 @ A n
S, |__ el 15 I - r - nl-:-- --'rlill- - : ¥
; Jve Ecuian
E_ E:I:I iy Pum 1 = -l-!-Ei- &) .#.-.. : 1
-i": u'-.s-illlll.ll...iililj.;lii-'l:l . : : EH:
0 100 200 300 400 e o o
il i TIK BEsED
0 &0 100180 200 250 T T T T _"n'nil!
Temperature T (K) o YBLO, Zn, T=2K |
YBCOg ¢:Zn 800 I A. Suchaneck et
T.=30 K o TR al, PRL 2010
Non magnetic = 400¢ [
impuruity that o
reduces Tc @ 290}
songly and S i
introduces a £
finite DOS at
the fermi level 00 02 04 06 08 1.0 o [
Hor K(rlu.) 0

Energy £ (meV]



Dispersion of AF spin fluctuations

Ort., @
Y123 : YBa,Cu;O i~
2CU3Ug, f;ﬂ Hg1201 : HgBa,CuO,,s
: = .
400 ! NV '
| ol Inc.— «—AF e i Chanetal,
o I i .1 PRL2016
o 300 : 1 Tk Chsnistal 3
% : Y-like dispersion Nage 201,5.""--..__
@ 200 | SM
g | X X PG ™.,
e :
" 100 0
T <Tc 5 : :
X-like dispersion
0

0 0.05 0.10 015
hole doping p (per planar Cu)

Keimer, Recent Advances in Experimental Research on High-Temperature Superconductivity in
Emergent phenomena in Correlated Matter Modeling and Simulation, 2013, Vol. 3, p. 91.



Commensurate AF excitations as a signature of the PG state in Hg1201

c SK

03 05
H (rlu)

72 + 7 meV 85K h

m

x I g4 350 K

05 K {100}
5K {110}
285K
4220 K

51 + 3 meV

£
>
)
0 ~m 0
k =
80 = 100
0 0
21 + 3meV |
100
40
0 - il
; N b
07 03 05 07 03 05
H (rlu) H (rlu)

HgUD7/1 (1=71k)

¥ (pg/(ev fu)) o g/(ev fu.))

PG state & SC
(T<T*)

HgUD71
@ Uy =51 meV

(S )

Intensity (arb)
o

N W

0 100 2000 300 400
Temperature (K)

M.K. Chan et al, Nat. Com. 2015



HgUD88 — X-Y dispersion of magnetic excitations

250 K
PG state
SC state
*
T T (b) 0 100 200 (TC<T<T )
( < C) [T"E g g
L "' HgUD71 51 meV,
150 % S8 HguDBs 60 meV]
I »
75 1
~ ]
03 120 ]
3 L A |
c\{’ 60 F 0 1
ey B i 0 100 200 300 \ 1) ;
< 0 o o Temperature (K)
u] u) % 7
50\ Magnetic resonance 60 :
s —> %
2 peak at Qur @ ;
£ =40 } 100 K
540 oK 2 7
g ®,=59(1) meV 2
25 0 23 meV = 20
20 4 20 Aw=5meV (FWH |V|)
2 P .
0 ogéss i y | spin gap ~30 meV ol fa £
03 05 07 03 05 07 03 05 07 : 025 00 025 02 O%I%) e

H (rlu) H (rlu) H (rlu) ' H ('f'U) b (ru)

HgUD88 (T.=88k, T*~220K)



SC coherence : Electronic Raman Scattering

ERS —B;, : SC coherence effect at antinodes

Hgl1201 : HgBa,CuO,,; ERS —B,, : SC coherence effects at nodes
HgUD71 | | HgUDS88 HgUD71 HgUDS8S8
p~0.09 p~0,13 p~0.09 p~0,13
T* j | 300
Chan et al., A&Al gk
| . : PRL 2016 4\
' Chan et al.,~ |
e '8
Nat Com 2015, 'H\-\\ 0 3
F ' ! Two-magnon (B1.)A <
- SM . | B |73
. 200 1100
¢ oY -
: e B ]
HB| e 24 (829)55 —"
.‘4F : S'(W T 0 hatts A \ ) 0
Y | x SC c 0 0.05 0.1 0.15 0.2
X 2:)‘ P Hole concentration
C

Y. Liet al., PRL 2013



Underlying nematicity

/ no spontaneous nematic order, but a large ynem
HgBa,CuO,,,

A natural disturbance of the tetragonal symmetry is
provided by the

(b) 0<p<1 () p>1

- s
—

xz

Incommensurate transition induced by an induced nematic order ¢
on the inelastic neutron scattering cross-section :

1
§2+q?—@ (a2 — @)+ f (wn)

xarM (Q + q,w) =

Orth et al., arXiv: 1703.02210



Generic feature observed
in almost all cuprates

Bi2212 (Tc=91 K - Bilayer)
H.F. Fong et al, Nature 1999
G. Xu et al, Nat. Phys. 2009

T12201 (Tc=90 K — Mono-layer)
H. He et al, Science 2002

Bi2223 (Tc=110 K — Tri Layer)
S. Bayrakci et al, unpublished 2003
Hg1201 (Tc=95 K — monlayer)
G. Yu et al, PRB 2010

PLCCO ( Tc=24 K - monlayer)
S. D. Wilson et al, Nature 2006

NCCO ( Tc=25 K - monolayer)
G. Yu et al, PRB 2012

Universal excitation in unconventional
superconductors
review : Y. Yu et al, Nat. Phys. 2009
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Magnetic resonance peak

Magnetic Resonance
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YBa,Cu;0,5
(p~0.16 T.=92.7 K)

Magnetic Resonance

a)

&

b)
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Temperature (K)
J. Rossat-Mignot et al., Physica C 1991
P. Bourges et al, PRB 1996
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The spin exciton scenario

Dispersion in YBa,Cu30g,y
(x =0.85 p ~ 0.15 T.=89 K)
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Spin-fermion coupling: the feedback effect

review :
M. Eschrig, Advances in physics 2006
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Spin-fermion coupling: the feedback effect
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Strength of the spin-fluctuation-mediated pairing
interaction in a high-temperature superconductor

Linearized gap equation

INS &, 5K : -
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(Arbitary Units)

odd

Im y

250

150 [

1o [

150 F
100 F

=]

SC State, 5 K, Q=(m.n)

Y E'Ezc uJD&z
Tr«t= 400 K

YBa Cu O
2 3 8.5

q =0

ch 925 K . )

T’BEECHJ_D? =3

Tc= 89 K 3
10 20 3 A0 S0 B0

0
Energy (meV)

Spin fluctuation spectral weight

clprates

f EQdw Iy (Qyw) (1) j dwlmx(Q,w) ()

Spin susceptibility
at Qar in Y882CU306+X

100 cnts -> 350 ug?/ eV

+ 30 % + 30 %
Y BC( :',;__', 0.5 25
Y BCUg 7 0.6 15
YBCO5a0 0.4 10
YBCO; 0,043 1.6

Decay of spectral
weight
In Y832CU306+X

hole doping




Superconductivity mediated by direct interaction(s)

In the strong coupling limit, the t-J model can
be formulated in terms of Hubbard operators

X =|a)ul.

3 states per CuO, plaquette: |0> for a doped
hole, |1>or |-1> for a spin S=1/2 on Cu site
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Unstable superconductivity
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The spin exciton scenario : competing state... X-Y dispersion

dispersing S=1 mode

Example of DDW
Ismer et al, PRB 2006
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The spin exciton scenario : vectorial order parameter SC+CDW

dispersing S=1 mode

Example of Resonant Excitonic State (RES) = Montiel et al, PRB 2017 SC
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Self organization of doped holes : vertical stripes
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Hourglass dispersion in stripe ordered La, ,Ba,CuO, (x=1/8)
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Loop Current order : intra-unit-cell magnetism

HgBa,CuO,,,
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Loop Current order : Ising-like collective modes

HgBa,CuO,,,

He & Vlarma, PRL 2011
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STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION

From a crystal structure point of view, the parent compounds of iron-based superconductors can be classified into five
different families:

RFeAsO (R= La, Ce, Pr, Nd, Sm,..., the 1111 system)
AFe.As.(A= Ba, Sr, Ca, K, the 122 system)

AFeAs (A = Li, Na, the 111 system)

Few TewSe«(the 11 system)

A.Fe.,Se.alkali iron selenides (A= K, Rb, Cs, Tl, ..., including the insulating 245 phase A2Fe4Se5
and the semiconducting 234 phase A2Fe3Se4)

where the 122 and 245 compounds have two FeAs(Se) layers in the unit cell and other systems
have single FeAs(Se) layer. A



STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION

@ ppo
= ‘ﬁ‘ Materials ar = by (A) ¢ (A)
T e e
e« 4f LaFeAsO* 4.0301 8.7368
Mir f CchAsO.b 3.9959 8.6522
¢ r-;hr \ PrFeAsO" 3.997 8.6057
" NdFeAsO* 3.9611 8.5724
a’f b e—¢ 122 LaFeAsO, sH, <° 3.975 8.67
BaFe,As, CaFe,As,' 3.912 11.667
SrFe, As,® 3.920 12.40
Na g BaFe,As," 3.957 lZ.%EJ
AN Nag ggsFeAs' 39448 6.9968
Fe % g~ & .
PaNy 111 Fe, oes TE 3.8123 6.2517
e " / K,Fe,Ses* 8.7306 14.113
ﬁ_ s * Rb,Fe,Ses' 8.788 14.597
LT Cs,Fe,Ses™ 8.865 15.289
PNy TIFe; ¢Se," ~8.71 14.02




STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION

Although the field of iron-based superconductors started

with the discovery of the 1111 family of materials, a 150
majority of recent neutron scattering work has focused on

the 122 family due to the availability of high quality single

100
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STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION
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If the ordered moment is entirely on the Fe site in BaFe.As;, the
chemical unit cell is twice the size of the magnetic unit cell along

the b. axis direction due to out-of-plane positions of the As atoms
In a completely detwinned sample, the magnetic Brillouin zone is

the shaded area
around Qup = (H,K,L) = (1 =2m,0 £ 2n, L), where L =
+1,3,5, ... rlu, larger in size than the chemical Brillouin zone



STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION

polarized neutrons: spin flip scattering SF: 1, ~ (L/Q)2 M, + My, + {1-(L/Q)2} M.

(1) neutron scattering: m 1 Q
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(2) neutron spin flip:m L P
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STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION
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STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION

TABLEL Summary of the structure transition temperatures T, the magnetic transition temperatures T, and the ordered

magnetic moment per iron for the AF ordered parent compounds of the iron-based superconductors. The lattice parameters
in the paramagnetic tetragonal state are also listed.

Materials ar = by (A) e (A) T,.(K) Ty (K) Moment/Fe (ug)
LaFeAs(Q® 4.0301 8.7368 155 137 0.3640.6
CeFeAsO" 3.9959 8.6522 |58 140 0.8
PrFe AsQ° 3.997 8.6057 153 127 0.458
NdFeAsD* 3.9611 8.5724 1 50 141 0.25
LaFeAsQ, sH,s° 3.975 8.67 95 92 1.21
CEIF-EQHRJ 3.912 11.667 173 173 0.80
SrFe, As,*® 3.920 12.40 220 220 (.94
BaFe,As 1“ 3.957 12.968 ~ 1 40 ~ 140 0.87
Na, o5 FeAs' 3.9448 69068 49 39 0.09
Fe | o Te' 3.8123 6.2517 67 67 2.25
K,Fe, Ef:ﬁ]‘ 8.7 306 14.113 378 559 3.31
Eb-Fe, EE5' 8. 788 14.597 315 502 3.3
Cs,Fe,Ses" 8.865 15.289 () 471 3.4
TIFe, ;Se;" ~8.71 14.02 463 100 ~3
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SPIN WAVE
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Using a Heisenberg Hamiltonian with anisotropic spin-wave
damping, one can fit the entire spin wave spectrum with a
large in-plane nearest neighbor magnetic exchange anisotropy

(J.> 0, J1< 0) and finite next nearest neighbor exchange
coupling (J.> 0)

Itinerant moge!



SPIN WAVE

TABLE II. Comparison of the effective magnetic exchange couplings for parent compounds of copper-based and iron-based superconductors.
Here the nearest, next nearest, next next nearest neighbor, and ¢ axis exchange couplings are SJ, (8J;), SJ24(8J3;), 873, and SJ ., respectively,

where S is the spin of the system.

Maternials SJy, (meV) SJp (meV) S5, (meV) S5, (meV) SJ; (meV) SJ,. (meV)
La,CuOQ," 55942 559+2 57415 -57+15 0 0
NaFeAs® 40+ 0.8 16 + 0.6 194+04 194+04 0 1.8 +0.1
CaFe,As," 4994+909 —5.74+45 1894+34 189+34 0 534£1.3
BaFczAsgd 592+20 -92+12 13.6 =1 13.6 +1 0 1.8 +0.3
SrFe,As, (L)° 308 + 1 —-54+45 21.74£04 21.74+£04 0 23+0.1
SrFe, As, (H)' 38.7+2 -5+5 273+0.3 273+0.3 0 23+0.1
Fe; o5 Te® —-17.5+5.7 —51.0+ 34 21.7+3.5 21.7+3.5 6.8+ 28 ~1
Rhﬂ_ggFﬂlngﬂgh -36+2 15+8 1242 16 +5 9+ 5 1.4 +0.2
(T, Rh}EF{:4S{:5i =30+ 1 31 +£13 104+2 29+ 6 0 0.8 +1
Kn_gﬁF{:I_ﬂchj -379+7.3 —11.24+ 48 190+24 190+24 0 0.29 +£0.06

The outcomes of the fits with anisotropic in-plane
magnetic exchanges are shown as solid lines while
the dashed lines are calculations assuming isotropic

in-plane magnetic exchange couplings.
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SPIN WAVE

b) 45+3 meV

Figures compare the experimental
and combined density functional
theory and dynamical meanfield
theory (DFT + DMFT) calculations
of spin-wave dispersion of NaFeAs
and BaFe:As., respectively.

K(r.l.u.)

MaFeAs
C-type

The outcome suggests that the
pnictogen height is correlated with
the strength of electron-electron
correlations and consequently the
effective bandwidth of magnetic
excitations in iron pnictides
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SPIN WAVE : spin-space anisotropy
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SPIN WAVE : spin-space anisotropy
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STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION

F. Wagfer et al., Sci. Rep. 7, 10307 (2017)

* Sp|ltt|ng T5=65K > Ty

the orthorhombic lattice distortion 6 = (a-b)/(a+b) initially
increases with decreasing temperature below Ty, but then

decreases dramatically below T..
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STATIC ANTIFERROMAGNETIC ORDER AND ITS DOPING EVOLUTION
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THEORETICAL CONSIDERATIONS : multi-orbital model

the direct Fe-Fe hopping along with the d- p hybndization through the pmic
Multi-orbital togen or chalcogen anions leads to a metallic groundstate
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UV and U’ are the intraorbital and interorbital Coulomb interactions.
J is the Hund's rule exchange, and J' is the so-called pair hopping term
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THEORETICAL CONSIDERATIONS : nesting

Shortly after the discovery of iron-based superconductors, holes
band structure calculations predicted that the Fermi
surfaces of parent compounds would consist of:

qguasi-2D near-circular hole pockets centered around the
zone center [,

2D electron pockets centered around the (1,0) and (0,1)
points in the orthorhombic unfolded Brillouin zone

electrons

5 3d-Fe orbitales

In weak-coupling analysis:

* Fe-based superconductors and their parents are assumed to be good metals
made of itinerant electrons with a spin-density-wave—type AF order.

* Spin waves and spin excitations can then be calculated using RPA in a multiband
Hubbard model with appropriate Fermi surfaces for hole and electron pockets
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THEORETICAL CONSIDERATIONS : preemptive state

(a) # Various SDW spin configurations Cq J J
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THEORETICAL CONSIDERATIONS
weak vs. strong coupling limit

In the weak coupling limit, the large in-plane effective
magnetic exchange coupling anisotropy in the spin waves of
Fe pnictides can be understood as due to the ellipticity of the
electron pockets, which induces frustration between the (1,0)
and (0,1) wave vectors connecting the hole and electron
pockets

In a systematic study of spin excitations in BaFe..Ni.As;, the
electron-doping evolution of the low-E spin excitations was
found to qualitatively agree with RPA calculations of the
nested Fermi surfaces

However, the high-E spin excitations are weakly electron-
doping independent, and have values much different from
that found by RPA calculations). These results suggest that
the weak-coupling analysis based on purely itinerant
electrons is insufficient to explain the entire spin-excitation
spectrum and its electron- or hole-doping evolution.

In the strong-coupling limit, all unpaired electrons, not just
itinerant electrons near the Fermi surface, participate in
forming magnetic order.

The AF ordered state of Fe-based superconductors can be
described by a local-moment Heisenberg Hamiltonian. In this
picture, the large in-plane magnetic exchange coupling
anisotropy in the parent compounds of iron pnictides is
understood in terms of the presence of the biquadratic
exchange coupling K between the nearest spins in the AF
ordered states, which can be mapped onto the J1a-J1b model
with a specific relationship between J1a-J1b and J1-K

H = -th,,sS,-- Sf.r'i T JEE:‘,HSS:' ' S:’Iﬁ - KZ:’,:S(S:' . Sfﬁ}g-—

However, in a strict local-moment Heisenberg Hamiltonian,
spin waves should have only transverse components and do
not support longitudinal spin excitations in the AF ordered
phase of Fe pnictides as seen in polarized INS.

Furthermore, the electron- and hole-doping evolution of the
low-energy spin excitations are consistent with the Fermi
surface nesting predictions, but it is unclear whether the data
are also compatible with a pure local-moment Heisenberg
Hamiltonian.



PARAMAGNETIC AND SUPERCONDUCTING STATE

The electron and hole-doping evolution of the spin excitations in the BaFe2As2 family of iron pnictides
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While electron doping does not much affect the
high-energy spin excitations and dispersion, hole
doping suppresses the high-E spin excitations.

Upon electron doping to induce optimal
superconductivity, spin excitations become broader at
low energies (E £ 80 meV) and couple to

superconductivity almost unchanged at high-E(E > 80
l meV)



PARAMAGNETIC AND SUPERCONDUCTING STATE

The electron and hole-doping evolution of the spin excitations in the BaFe2As2 family of iron pnictides
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The effect of hole doping near optimal superconductivity is to suppress

high-E spin excitations and transfer spectral weight to low E

The intensity changes across Tc for hole-doped Ba0.67K0.33Fe2As2 are

much larger than those of the electron-doped BaFe1.9Ni0.1As2

As a function of increasing electron doping, the local
dynamic susceptibility at low E decreases and finally
vanishes for electron overdoped non SC sample



PARAMAGNETIC AND SUPERCONDUCTING STATE
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PARAMAGNETIC AND SUPERCONDUCTING STATE

Ba, K Fe,As,
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PARAMAGNETIC AND SUPERCONDUCTING STATE

The electron and hole-doping evolution of the spin excitations in the BaFe2As2 family of iron pnictides

(a)

4
f—

Ba, K Fe.As,
160+
h

— 7 1, :
120+ =
da

80-  x=10 x,= ?-33 A\ K= 0

b, e

*ri

[ AFM

ag L / PM ____’*’,g‘__
' /5: .\

—

.15
10.13 0.
| M

\ 3
IC-AFM—’E* -
7 | o S {

BaFe, MiAs, -t

0.25 ] 0.1 0.2 0.3
Doping Concentration (x)

1.0 0.75 0.5

2/ low energy spin fluctuation: itinerant character

BaFe, Ni As,

——
|+
o™

K (r.lu.)

electron-doped BaFe:As..

v

¥x=10
1O 0,
B, '
i1, i}
ﬂ ‘l I 0
l'j d:.-.r_ ﬂll:.-_
i B
0 1

(€)

¥ =0.1

=
=
—r
—s

H(rlu.)

[ C-5F
+ o

(1,00 H

hole-like pockets near I' and
pockets
near M point at Qx(1,0)

With increasing electron doping,
the hole and electron Fermi
surfaces decrease and increase in
size



PARAMAGNETIC AND SUPERCONDUCTING STATE

The electron and hole-doping evolution of the spin excitations in the BaFe2As2 family of iron pnictides
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PARAMAGNETIC AND SUPERCONDUCTING STATE

The electron and hole-doping evolution of the spin excitations in the BaFe2As2 family of iron pnictides
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SUPERCONDUCTING STATE : Spin Resonant Mode(s) - SRMs
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SUPERCONDUCTING STATE :
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SUPERCONDUCTING STATE : Spin Resonant Mode(s) - SRMs
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SUPERCONDUCTING STATE : Spin Resonant Mode(s) - SRMs
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Vortex and chirality
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AFM + SC STATES : Spin Resonant Mode(s) - SRMs
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However, the strength of the anisotropic low-E mode sharply
peaks at the highest doping that still exhibits magnetic
ordering resulting in the strongest SRM observed in any Fe-
based superconductor so far.

This remarkably strong SRM is accompanied by a loss of about
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phase. Anisotropic SRMs thus can allow the system to
compensate for the loss of exchange energy arising from the
reduced antiferromagnetic correlations within the SC state
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a-b ANISOTROPY
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a-b ANISOTROPY
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a-b ANISOTROPY
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THEORETICAL CONSIDERATIONS : Hund’s metal

Instead of a strong- or weak-coupling approach, the Fe pnictides may be Hund’s metals, where the
interaction between the electrons is not strong enough to fully localize them to form a Mott insulator, but
is sufficient so that the low E-quasiparticles have much enhanced mass.

Here the electron correlation strength would be primarily controlled by the Hund’s coupling Js, which
depends on the pnictogen heights and tends to align spins of all the electrons on a given Fe atom, and
hence enhances spin excitations without appreciably affecting the charge excitations.

This is different from the effect of large Coulomb repulsion U in a Mott insulator, which hampers charge
excitations in order to enhance spin fluctuations.

The electronic excitations in iron-based superconductors are neither fully itinerant nor fully localized, but
have a dual nature that can be realistically described by a combination of DFT and DMFT.

This idea is similar to the picture where single electron spectral function is composed of coherent and
incoherent parts representing electrons near (itinerant electrons) and far away (local moments) from the
Fermi surface,



THEORETICAL CONSIDERATIONS : spin fluctuation exchange pairing

In general, for the multiorbital models, the orbital structure
of the pairing interaction 1s important and one introduces an
orbital dependent pairing interaction I'y g¢.¢,

which describes the irreducible particle-particle scat-
tering of electrons in orbitals €, {4 with momentum &, and
—k into orbitals £, €; with momentum k' and —&'. In terms
of this vertex, the effecuve paining interaction for scattening a
(k' 1, —k' |) pair on the »; Fermi surface to a (k T, —k |) pair
on the »; Fermm surface 1s

Ck k)= ﬂf-%f-‘c}ﬂﬁf—k}r{-,{-z{-}{-_*f-‘ﬁ k')
162658,

X ay (k') (—k'),

with c:f.j{k} the orbital matrix element {ujklfl} ]

In the RPA and FLEX approaches, the orbital dependent
vertex 1s given by

1"{.]{.3{.!{.4“,; k' w)= [%USXIRFA“{ — Kk m}UF
— U xi Mk — K, @)U
+HUS + U, e,e,¢,
with
YiEMg) = X (g1 — U5y g)]™!
and

o Mg) = X g1 + U X" (¢)] .



THEORETICAL CONSIDERATIONS :
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one sees that the effective pairing interaction I'jj(k,k’)for a muilti-
orbital system depends upon the number of Fermi surfaces and their

spin fluctuation exchange pairing

shapes as well as the orbital matrix elements.
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