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New States of matter probed by NMR, uSR, ARPES

The LPS research themes
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NMR studies of correlated electron systems
From the Mott insulator to superconductivity through the cuprate pseudogap

P. Mendels J. Bobroff V. Brouet P. Wzietek F. Rullier-Albenque

RMN- uSR ARPES High Transport

pressures (SPEC /CEA Saclay)
Deceased march 20th 201¢
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(material synthesis and structures)

University of Kazan (Russia) : I. Mukhamedshin, A. Dooglav
University of Parma (ltaly) : D. Pontiroli, M. Ricco
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Observation reveals Amazing Phenomena

Introduction to the Physics of Electrons in Solids,
Editions de I’Ecole polytechnique (2007)
English edition , Springer (january 2011)
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NMR in correlated electron systems
[llustration in the case of the cuprates

o Introduction to Magnetic resonance (NMR and ESR)
Hyperfine couplings, NMR shifts

* Magnetic spin susceptibilities in NMR
Metals and superconductors: Singlet spin pairing
Impurity magnetism , RKKY , Transferred hyperfine couplings

* Magnetic spin susceptibilities in NMR : the cuprate case
Electronic structure . Single spin fluid in the normal state

o The pseudogap and the phase diagram

Pseudogap and disorder. Impurities reveal the magnetic correlations

« Spin lattice relaxation T, and transverse relaxation T,
Dynamic susceptibilities and spin lattice relaxation
d- wave SC , magnetic correlations in the cuprate phase diagram
Spin echoes and T,: NMR applications

Conclusion: NMR is a powerful tool in Solid State Physics
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ESR and NMR : SPIN RESONANCE IN THE PARAMAGNETIC REGIME

Angular momentum magnetic moment

Nuclear spin -3
Hn =107 g1,

Electron spin

B (1, --#Bo-—7SBo=-hyS.By Boll?

Larmor frequency

I1=1/2

@1 =-y By

1>1/2 21+1 equidistant levels levels (/2 7y,B)

Electron spins: ESR ~30 GHz/Tesla  microwave frequencies
Nucleaﬁ spins: NMR~ 10 MHz/Tesla radiofrequencies

IH 1=1/2 42,57 MHz/Tesla
Spins I H I=1 6,53 MHz/Tesla
63 Cu 1=3/2 11,28 MHz/Tesla

Gyromagnetic ratios Y, (s =372 1208 MHz/Tesl
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ESR and NMR : SPIN RESONANCE IN THE PARAMAGNETIC REGIME

HZ =—ﬂ.BO =—h}/S.BO =—h}’Sz.BO

B()//Z

Exciting ac field
Act as a perturbation for H,

Hrf = —h}’SBl CoOSwy1

transitions |[-1/2) —>{1/2
| )= [112) ) Bylz
if (1/2|H, |-1/2)=0
Z A Absorption spectroscopy
M A , B
y O
B -— Electric current at frequency @

X Sample
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NUCLEAR MAGNETISM

HZ =—h}/S.BO = —h;/Sz.BO

o) =-y By

Thermodynamic ensemble

_ hyBy . -
<p>= Nyugth 2kl Curie susceptibility y=C/T
hy, By = 107°K << kpT Xn = 107° Xe Very weak y,

Spectroscopic techniques : sensitivity

Radio Sources « Stables (10°1%) (monochromatic)
Radio frequencies e coherent

(Electronic oscillators ) e intense

Radio, radar, television Technologies
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Hyperfine Interactions - NMR Frequency Shifts

Interactions between nuclear moments I/ and electronic moments s et /

W2yte (= (e s s
Dipolar Hdd __ ygye {I 53 (I.I’zﬂ(zs r )} I M
r r

Orbital hz?’nye - =
roua Hyp=— 3 1.1 * Filled atomic shells :
Contact | He=3F12y,7, 1.5 &F) H,,=0:Hy=0

 Paramagnetic or diamagnetic compounds:

HT=HZ+Hdd + Horb"' Hc= _hyn j(EO'l'BL)

BL=<B§>+ [BL—<BL>] <= Relaxation time

Local measurement of the

Mez.m field ™ < By > o 7B l Frequency Shlf@ electronic susceptibility
Linear
response Insulators H_ . me.tals XPauli
Chemical shift Knight shift

(orbital currents) (unpaired electrons)
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NMR in correlated electron systems
[llustration in the case of the cuprates

o Introduction to Magnetic resonance (NMR and ESR)
Hyperfine couplings, NMR shifts

* Magnetic spin susceptibilities in NMR <:
Metals and superconductors: Singlet spin pairing
Impurity magnetism , RKKY , Transferred hyperfine couplings

* Magnetic spin susceptibilities in NMR : the cuprate case
Electronic structure . Single spin fluid in the normal state

» The pseudogap and the phase diagram

Pseudogap and disorder. Impurities reveal the magnetic correlations

« Spin lattice relaxation T, and transverse relaxation T,
Dynamic susceptibilities and spin lattice relaxation
d- wave SC , magnetic correlations in the cuprate phase diagram
Spin echoes and T,: NMR applications

Conclusion: NMR is a powerful tool in Solid State Physics
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POLYMERIZED AC,, PHASES | [1D metal

CsCqy T=> Cs*+Cgy"

sp; carbons The 13C site differenciation evidences the
KC,, polymerization

Difference between KC, and CsC,

RbC,, D

Different 3D
ordering of the
polymer chains

-200 0l 200 400 600

Shift (ppm)
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KNIGHT SHIFT IN METALS

Contact hamiltonian for the spin / 87 72
H.= h 1.5
(for all the electrons of the metallic band) Z YnYe l &, )

H.=8Z 12,7, 1.3 5 &5) = %ﬂm 1.M(0)

l
M(0) magnetization density operator at the nuclear site

—>,_>> _ uE(F)elkrWS

Bloch electronic states

v N ) Pauli susceptibility
= ( |u; E
M(0) <uk (r)‘ >kF Zzp Bo AP = Z(h 7e)* n(EF) of the electronic band
with A= S%hzynye < - (F 2> one might write |H.=A I Z s; A1)
F i

* The electrons are then considered as free electrons
e The hyperfine coupling A4 contains informations on
the electronic band structure

_Br) _ 4 i i
K= B, = hz}/e}/n xp Knight shift
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Multiple phases in the samples: 133Cs NMR is very helpful

133Cs I=7/2

Al5 Cs,Cy,

fcc Cs,Cq

Differences allow
selective NMR experiments
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Knight Shift in the SC state

TC
b 9
00, © sl
<> 13Ka}{
|-50
501 \
R >
E 100 A
S0 g
’ 150 3
50
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M IS0
100 M| agg
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T (K)
anishing of y, in the superconducting stat
Vv 5 XP. ¢ i pe ) 8 € B Waietek et al PRL 2014
Cooper pairs are in a singlet state
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Magnetic Impurities in normal metals

RKKY oscillations
5Cu  53CuU AHg(R,)
0 P 1 | sy T — Experiment
180 ppm Mn i e __ Asymptotic form
' — UR
PR, 5] m T3 [T 52 T R 52 HIxD
i
Cu-Mn

a8 i@ i8s ‘ 2k R

A

Transferred hyperfine couplings
Nuclear spins can sense the magnetism on
their neighbour atomic sites

H. Alloul, Autumn School on correlated electrons
Julich ,15/09/ 2016



Magnetic Impurities in normal metals
Kondo effect

A4
v33 4 5 6los2 1.
| 'DR&NN TeK) H:d :*f‘ 0.5
22 L \*\ 1050 / K
3L }\ . d
\ 1048 1-04
-10 L iy 4
AK | 42
K 0 102 kY .
-8 L T4(°K) 1-03
-6 L _'
/ - J4-Q2
. Boyce and Slichter
: K
-4 | {'J AK—(B)_:. This. experiment
’/ff Kd(“Fe) « Steiner et al
i (Korp = 0.05) 4-0.1
-2 N
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NMR in correlated electron systems
[llustration in the case of the cuprates

o Introduction to Magnetic resonance (NMR and ESR)
Hyperfine couplings, NMR shifts

* Magnetic spin susceptibilities in NMR
Metals and superconductors: Singlet spin pairing
Impurity magnetism , RKKY , Transferred hyperfine couplings

* Magnetic spin susceptibilities in NMR : the cuprate case (
Electronic structure . Single spin fluid in the normal state

» The pseudogap and the phase diagram

Pseudogap and disorder. Impurities reveal the magnetic correlations

« Spin lattice relaxation T, and transverse relaxation T,
Dynamic susceptibilities and spin lattice relaxation
d- wave SC , magnetic correlations in the cuprate phase diagram
Spin echoes and T,: NMR applications

Conclusion: NMR is a powerful tool in Solid State Physics
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Magnetic susceptibilities

SQUID Measures

always
loncores  orbital Spin ﬂ
Za(T)=x"+ "+ xo+ (™) o=ty2
= Zdi“ +Zi [Z:)Z) -I—,’(is,a (T)] | = atomic sites

NMR shift measures on each nuclear site i

K, (T)=K"+ K+ K (T)
:Kidza AorbZ,a +Asalla(T)

Local magnetic measurement
on each nuclear site |
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Phase Diagram and Band Structure
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89Y NMR shift in the metallic state
H.A , T. Ohno and P. Mendels, PRL 1989

-AK
(ppm) ' ' ' . | CuO, plane
/9/’ /‘?
SO0 -
- AK //
0k -
-850} -
00f ¥ Y Ba2 Cu, O, V,=1564 MH,
160 t 260 l 360
T (°K)
CuO, plane

FIG. 1. The shift AK of the ¥Y line, referenced to YCl;
piotted vs T, from 77 to 300 K. The lines are guides to the eye.

K, (T)=K" + A7y + A x.,(T)

Local magnetic measurement

But transferred hyperfine couplings
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Sign of 89Y NMR shift

Negative sign comes from Y4d orbitals: core polarization

pr Ydd pc Y4id

I Y4d ' Y4d

Very weak OK

So negative sign comes from po -Y4d hybridization
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Is there an independent oxygen band at the Fermi level?

H.A. , T. Ohno and P. Mendels, PRL 1989

K (ppm)  g5(T) =4 2(T)

< 100

does not change with hole doping

. A is driven

2078 -850 by (Y4d-02poc)—Cu(3d) covalency
x 0.53
4 L 204 g0

] 1 1
1 2 3 4
Xm(10'7 uem/q)

So there is no independent oxygen spin
degree of freedom at E,
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Single spin fluid behaviour

YBCO6.63 Ki,a(T) — Kidia +Aorblt a +Asalt a(T)

M. Takigawa et al 1991, 1993
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Phase Diagram and Band Structure

400 : Two types of holes ?
300 optimal | Cll 3dx2_y2 O ch
/ !

200 underdoped / overdoped |
100 M | i ' '
SC
ﬁ//ﬁw . -
0.1 0.2

0.3

4 F ber of holes / CuO3 plane ' ' '
3410 NO!! M
Strong O2p - Cu 3d
{ hybridization M
Magnetic correlations
3d’

: There is a single spin fluid
The holes steal spins Zhang Rice spin singlets
O2po from the copper hole background Cu3d - 02po

>

n(E)

H. Alloul, Autumn School on correlated electrons
Julich ,15/09/ 2016



NMR in correlated electron systems
[llustration in the case of the cuprates

o Introduction to Magnetic resonance (NMR and ESR)
Hyperfine couplings, NMR shifts

* Magnetic spin susceptibilities in NMR
Metals and superconductors: Singlet spin pairing
Impurity magnetism , RKKY , Transferred hyperfine couplings

* Magnetic spin susceptibilities in NMR : the cuprate case
Electronic structure . Single spin fluid in the normal state

o The pseudogap and the phase diagram

Pseudogap and disorder. Impurities reveal the magnetic correlations

« Spin lattice relaxation T, and transverse relaxation T,
Dynamic susceptibilities and spin lattice relaxation
d- wave SC , magnetic correlations in the cuprate phase diagram
Spin echoes and T,: NMR applications

Conclusion: NMR is a powerful tool in Solid State Physics
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What about the origin of this large decrease at low T?

MK —
(ppm)

T, max

50}

®Y NMR shift | = |

e x_~ o +
==
a o -%*70
-S5Ok | /a e “ .
o g R
4 "é?ﬁj 89
B Y NMR
-100}- ‘: Y Ba, Cu, O, o %=15BAMH,
I 100 200 301
T (°K)
K=o0+A (1)

In usual metals . is T independent (as
for x=1) and vanishes at T=0 in the SC

Large decrease
(nearly full loss)
of x5(T) above T,

Pseudogap In the
electronic excitations

H.A, T. Ohno and P. Mendels, PRL 1989

tuations on the Cu than on the Y or O, which are sym-
metric sites for the AF lattice of the Og compound.’ In
the band picture, AF correlations might induce a pseudo-
gap, as suggested by Friedel,?* which could explain the
reduction of y; at low 7. However, it is less clear wheth-
er this approach is compatible with the smooth variation
of ¥s and K; from the metal to the insulating state.
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Phase Diagram and Pseudogap

89Y NMR shift

Low T decrease of the susceptibility:
opening of the psgudogap

0.64T
m

- YBa, Cu, O,

100 [ x =0.64" Y Brél2 Cu3 Oéﬂ | ],_* —
150 N 1 z 1 2 1 N 1 "‘- a
0 100 200 300 400 Pseudogap
T (K) range

200 ‘*1 -

Alloul et al '

100 T '

0 LI

0.2 0.4 0.6 0.8 1
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The pseudogap Is generic in the various families of cuprates

Hg1201 : one CuO, layer
YBCO : two CuO, layer J. Bobroff, H.A,... PRL 1997

H.Alloul , T. Ohno and P. Mendels, PRL 1989
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Incidence of non magnetic impurities on the SC and pseudogap

0,14 |-
v

YBCOg, + 4%Zn [T > YBCOZ,, | f.liﬂb _

0,08 -

K, (%)

ﬁ# ® pure
H. Alloul et al , PRL 67, 3140 (1991) o B v

0,04 -

Dilution effect on T No change of T*| x|

0,00 L L L L
0 100 200 300 400 500
T (K)

2 N\

Increase of the disordered L d ) FT
magnetism range arge aepression o e

The pseudogap is robust and insensitive to disorder
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VOLUME 67, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NOVEMBER 1991

Correlations between Magnetic and Superconducting Properties of Zn-Substituted YBa;Cu3Og + «

H. Alloul, "’ P. Mendels, "’ H. Casalta, " J. F. Marucco,® and J. Arabski{"

DLaboratoire de Physique des Solides, Université Paris-Sud, 91405 Orsay, France

@)1 aboratoire des Composés Non Stoechiométriques, Université Paris-Sud, 91405, Orsay, France
(Received 8 August 1991)

T. and Ty (Néel) have been measured for a series of YBa2(Cug.96Zn0.04)306+x samples. The T varia-
tions of the homogeneous susceptibility s of the CuO; planes, given by the shift of the Y NMR line,
are found to be nearly unchanged with respect to pure samples for x > 0.5, which implies that the charge
transfer is negligibly modified by Zn, and that the magnetic pseudogap is not associated with supercon-
ducting pairing. Detection of an unusual Curie contribution to the Y NMR width for x = 0.5 provides
evidence that Zn induces magnetic moments in the CuO; planes, which play a role in the depression of
T..

PACS numbers: 74.70.Hk, 75.20.Hr, 75.30.Kz, 76.60.Cq

Pseudogap and correlations : Mott physics?
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Local magnetic response induced by non magnetic Zn
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Importance of correlations : magnetism induced by non magnetic substitutions

H. Alloul, P. Mendels et al PRL 1991; A. Mahajan, H. A et al PRL 1993
Review: H.A, J. Bobroff, M. Gabay and P. Hirschfeld. Review of Modern Physics (2009).

> \( z‘;imp .

J. Bobroff et al, PRL 1999

=
e

In plane magnetic correlation length
; ¢ YBa Cu,O
3766

5 s
5'-;' éé ;9' [ ]
YBaCuO "%2%2 g 2

ez aran s et et

=)

(lattice units)
I

Correlations persist
up to optimal doping

(o]

E’.
“imp

0 1 L . L 1 L 1 .
| 80 100 120 140 160
0 — Temperature (K)
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NMR in correlated electron systems
[llustration in the case of the cuprates

o Introduction to Magnetic resonance (NMR and ESR)
Hyperfine couplings, NMR shifts

* Magnetic spin susceptibilities in NMR
Metals and superconductors: Singlet spin pairing
Impurity magnetism , RKKY , Transferred hyperfine couplings

* Magnetic spin susceptibilities in NMR : the cuprate case
Electronic structure . Single spin fluid in the normal state

o The pseudogap and the phase diagram

Pseudogap and disorder. Impurities reveal the magnetic correlations

« Spin lattice relaxation T, and transverse relaxation T,
Dynamic susceptibilities and spin lattice relaxation
d- wave SC , magnetic correlations in the cuprate phase diagram
Spin echoes and T,: NMR applications

Conclusion: NMR is a powerful tool in Solid State Physics
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Exotic superconductivities; singlet or triplet?
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SPIN LATTICE RELAXATION TIME: MEASUREMENT

— S
M(tp) = M, —2M  ex ——)

4
T
(7 - t, - /2) sequence .
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Physical Origin of the Spin Lattice Relaxation

Hy=-hyS,.B Bo/l 2

transitions |-1/2) —|1/2)
rf excitting field Hrf =—hy S,B1 COSwy t _
perturbation for H, If <1/ 2 ‘H s |1 2> # 0

—

BL

<B,>+| B, -<B,>

l ’ BlJ_Z
Relaxation: transverse components of the
fluctuating field at the Larmor frequency

oy oy o0 + —_ .
Transition probability %1 — },’% j—w< BL(t) BL(O)> exp(—m),,t) dt

v
Correlation function of the local field

T, results from the coupling with the equilibrium
fluctuations of the electron spins degrees of of freedom
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T, INA METAL: KORRINGA LAW

H=H; +H=-hy,I Bo+ A 1Y 587 Bi=—+4 Y 5 &5 = —4— ()
i

h}/n i hz}’e?’n

L = y2(" < Bj() B{(0)> expl-imt)dt |3 =057 [ <Mt M(0)> expl-im,t) de

Fluctuation-dissipation theorem (Transverse dynamic y of the electron gas)

xr '(a)n)= 2_1h (1- expzl%) I_:< M (1) M~ 0)> exp(—ia)nt) dt

. 2 i
with 7w, << kpT 1 _ 2A kBTZT !wn)

11 hz}/% Wy
1
For a fermion gas %, (@) = > iy {”(EF) + iz heo n’(E;) }
2
1 _Z 2 2E kT | | K= —A— yp=A2e ey 2 (7e

Korringa law for a metal
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Spin lattice relaxation in a free electron metal

Xr "(wn):ZlT "(q’wn)

For a free electron gas y ”’(q, ®,) is q independent uj IOgT 1

{n(E,)+irhon (E,)|

1_24° , 7" (@)
T, n'y. " o,
1 2 2
ZT (a)) zah ye
%1 =%A2n2(EF)kBT
Ay
k= A4 = Zle w(E
2y xP=7, (EF)
h 2
TTK>= [7'] =S,
4nkB 711

Korringa law for a metal
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Al metal

27A1 NMR

T,T=1.85 sec.°’K

log(1/T)



V,Sn T, in the superconducting state

RV (1,1 AT, 1)
o 51/ NMR ~ GAP: 35 kT0) ’ T‘[TC

Cuprates

- ] B rroo
n ] - 4;6%,,.

T k— : 1= l § J:
T, _ _ee - i : :
mfec 3‘6°€12 ‘ —"’—\TlT =042 sec®K . B

l a I5MHz (134106) |

100 ¥ 18°% o |OMHz (89406) _| e % E

e I o §MHz (44706) Tk
o B e T
. 001 4 TizRapCudg,y =
Korringa 1O : ;e
= ®  YBayCuyQy i
| s wave superconductor I Ry A
| 0001 =

ali -1 ~ - - L
It (T,T)"! ~ exp (-AlkgT) o

1 for T<<T, i ¢
o B ——

{ o d wave superconductivity

T, minimum below T,

. . T 3 variation for T<<Tc
(Hebel-Slichter peak in 1/ Tyy)

H. Alloul, Autumn School on correlated electrons
Julich ,15/09/ 2016



H. Alloul, Autumn School on correlated electrons
Julich ,15/09/ 2016



10° (T1T)'1 (sec.K) '

Comparison of (7, T)* on %Y and 'O above Tc
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In YBCO, T,T is nearly constant on 1’0 and ¥Y
Like in a free electron metal
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Metallic like
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8%y NMR Evidence for a Fermi-Liquid Behavior in YBa;Cu30¢ + x

H. Alloul, T. Ohno,® and P. Mendels

Physique des Solides, Université de Paris-Sud, 91405 Orsay, France
{Received 15 May 1989)
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Distinct behaviour of (7,7) - on the Cu site: AF correlations

In YBCO, T,T is nearly constant on 3Y and ’O but increases at low 7 for *Cu
O and Y are insensitive to AF correlations while Cu probes them fully

Increase of AF correlations at low T
Even more for the underdoped case

H. Alloul, Autumn School on correlated electrons
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T, for nuclei coupled to neighbouring sites

Non local hyperfine coupling A _ 4 ox(i oL
q dependence of the HF coupling 0.a (a) O,az p(i q.r;)

89Y Ay ,(q)=8D, (cos q.al2 cosq.al 2)

170 A, . (q)=2C,cosq.al?2
“Cu A4, ,(q)=A,+2B, (cos q.a +COoS qya)

For Y and O, A(q) vanishes for q,~= (n/a,n/a)
The AF fluctuations are filtered out by A(q)

" okgT ZL"(q’a)n) YBCO
" h2 . ZA a) XJ_"(q C')n)/(')n o 30 eV |
'Y 3w Ag =1/ 60K |
200 ’ g 1
E(7) isthe AF ol . %g% |
correlation length Neutron -1
probed by 3Cu NMR scattering D _0.13 0.4 0.5 0.6 0.7 q
D —> O h [rlul
(m/a,m/a)
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Some conclusions

» Magnetic spin susceptibilities in NMR
Singlet spin pairing
Single spin fluid in the normal state
The pseudogap 1s generic and robust to disorder

« Dynamic susceptibilities and spin lattice relaxation :

Magnetic correlations up to the Optimal doping
Metallic like at g=0, AF correlations for g=(n/a , m/a)

d- wave SC
» The pseudogap and questions on the phase diagram
Importance of disorder in the phase diagram
MIT and SG phases governed by disorder
« SC Fluctuations and pseudogap ( Conf: Florence Rullier Albenque)
SC Fluctuations follow Tc versus hole doping , remain with disorder

A preformed pair scenario does not apply
Pseudogap is intimately linked with magnetism (competing order?)
NMR will be helpful to check possible models

H. Alloul, Autumn School on correlated electrons
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More

» Totally missing in my talk:

Quadrupolar effects
coupling of the nuclear spin with the charge distribution:
charge order, structurql transitions etc

 Other examples of NMR studies

H. Alloul, “NMR studies of electronic properties of solids”,
Scholarpedia, 9(9):32069 (2014)

H. Alloul, “NMR 1n strongly correlated materials”, Scholarpedia,
10(1):30632 (2015)



The various cuprate families

Phase diagram in the absence of disorder ??

High quality single
crystals ?

~

E Rullier-Albenque, H. A. et al, EPL 2008.

SG and MIT are determined by disorder

H. Alloul, Autumn School on correlated electrons
Julich ,15/09/ 2016



Magnetic Resonance Imaging (MRI)

What is imaged here?

H. Alloul, Autumn School on correlated electrons
Julich ,15/09/ 2016



Magnetic Resonance Imaging (MRI)

What is imaged here?
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SPIN ECHOES

Distribution of Larmor frequencies
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Echo intensity varies with 1

T, transverse relaxation time

H. Alloul, Autumn School on correlated electrons
Julich ,15/09/ 2016



