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NMR Nobel Prices
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Nuclear Induction

F. Buoch. W. W, HamsEn, anp MARTIN PACKARD
Stanford Usizersily, Slenford Urniersity, Califoriia
January 39, 1946

HE nuclear magnetic momentz of a substanee in 2

manstant rnnﬂnr'ﬁr' field wm1|<;| b-:; evp.eqted Lo gi\:e
rise to a amall paramagnetic polarization, preoided thermal
equilibrivm be established, or at least approached. Ry
superposing on the constant feld (= direction ) an oseillating
magnetic field in the = direction, the polarization. originally
parallel to the constant field, will be forced fo precess
about that field with a latitude which decreases as the
frequency of the oscillating field approaches the Larmor
frequency. For frequencies near this magnetic resonance
frequency one can, therefore, expect an oscillating induced
voltage in a pick-up coil with axis parallel to the ¥ direction.
Simple calculation shows that with reasonable apparatus
dimensions the signal power from the pick-up coil will be
substantially larger than the thermal noise power in a
practicable frequency band.

We have established this new effect using water at room
temperature and observing the signal induced in a eoil by
the rotation of the proton moments. In some of the experi-
ments paramagnetic catalvstz were used to accelerate the
establishment of thermal equilibrium.

By use of conventional radio technigques the induced
voltage was observed to produce the expected patiern on an
oscillograph screen. Measurements at two frequencies »
showed he sfecl o vccur al values B of Ui 3 feld such
that the ratio H/» had the same value. Within our experi-
mental error this ratio agreed with the g value for protons,
as determined by Kellogg, Rabi, Ramsey, and Zacharias.

Wa have thought of various investigations in which this
effect can be used fruitfully. A detailed account will be
puhlished in the near future

11, M, B, Kellogg, [, 1. Kabl, ™, F, Ramsey, and J. R. Zacharias,
Phya, Hey, 56, 738 (1939).

Resonance Absorption by Nuclear Magnetic
Moments in a Solid

E. M. PurceLL, H. C. Torrey, axpD K. V. Pouxn*®

Rodiation Laboratory, Marsachuseis Insiitute of Techuology,
Cambridge, Massachusells

December 24, 1945

N the well-known magnetic resonance method for the

determination of nuclear magnetic moments by mo-
lecular beams,! transitions are induced between energy
levels which correspond to different orientations of the
nuclear spin in a strong, constant, applied mapgnertic field.
We have observed the absorption of radiofrequency energy,
due to such transitions, in a solid material (paraffin) con-
taining protons. In this case there are two levels, the
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‘ How do we measure
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LHIC 1Co011allCc .

1. put the nuclear spin
in a static field

2. put

at the resonance, it
will rotate the spin

3. stop the transverse
field and measure




Why doing NMR ?
Zeeman : v=y/2n H,

in matter : v=v/2n H,

1

v =7/2n H, v =y/2m Hioc

Difference between H,,, and H;:
information about the viscinity of the nucleus




NMR is a local probe

because coupling between nuclear spin
and its neighboring is very short range

A

frequency







What can you measure ?

The electron :
 Orbitals
e Magnetic susceptibility in different positions
e Inhomogeneities

e correlations
* Gap and symetries in superconductors
* Magnetic transitions

Local fields :

* magnetic orders
» charge orders

e vortex

e spin liquids




reference
V0='YHO/2TC

gyromagnetic ratio depends orbital or spin shift

\ on the nucleus chemical shift
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Figure 3: H-Tvpes Observed in a Gasoline 1 H NMR Spectrum




Spin Shift K

spin

measures uniform magnetic susceptibility
close to the nucleus

)( electron

hyperfine coupling
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Alloul et al., PRL (1989)




Why not measure
macroscopic susceptibility instead ?




K pin Measures intrinsic y
not affected by impurity

magnetic impurity

Vo.lbo.rthl:te - / Volborthite
spin liquid !

e RMN
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FREQUENCY SHIFT FROM H,0 (kHz)

Trokiner et al., PRB (1991)

— different
susceptibilities
so different
dopings for each
plane




measures a histogram of y , not a sum:

spin
access to local variations
spin chain with non magnetic impurities
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Tedoldi et al., PRL 99; Das et al.PRB 04
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champ local

Zn

Alloul, Bobroff, Gabay, Hirschfeld, RMP 2009



measures inhomogeneities

spin

mten51te

YBaCuO7/

Bi2212

Cren et al., PRL 2000 \

Pan et al., Nature 2001 . . 0.15 0.2
McElroy et al. Science 2005 dopage

. JB et al., PRL 02







transverse relaxation T

VAN

energy is conserved

longitudinal relaxation T,
exchange with the network




longitudinal relaxation T1

due to fluctuations of local magnetic field at wgyy




examples of T

N1
.)I.IIII

BCS superconductor unconventional superconductor

gap + Hebel-Slichter Peak power law + no Peak




Local fields in NMR

magnetic orders,
charge orders,
vortex...




Intensity (arb. units)
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100 kHz

Butaud et al., PRL 1985
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champ local
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La RMN donne la carte de Le T1 varie selon la position par

champs associée aux vortex rapport au vortex
k Mitrovic et al., Nature (2001)







NMR allows to measure...

Using the spectrum position and shape:
type of orbitals (K,,)
spin susceptibility at various positions (K;,)
magnetic orderings or freezings, order parameters...
charge orders, vortex...
inhomogeneities

Using dynamics:

e dynamical susceptibilities y’’(q, o)

» correlations, spin fluctuations

e gaps, magnetic excitations

e superconducting symetries and gaps




NMR study of superconductivity
and magnetism in pnictides

Y. Laplace, J. Bobroff

Laboratoire de Physique des Solides, Orsay

D. Colson, F. Rullier-Albenque, A. Forget
SPEC, CEA Gif Sur Yvette
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mag

Nature of

magnetism ? Ba(Fe,Co,),As,

Coexistence ?

what is doping really doing ?







Cuprates
High Tc
superconductors

« Métal »

Depends on families
rather nano-segregated
(stripes)
Miller, PRB 2009
Sanna, PRL 2004
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x in CeRh,_lr Ing
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pressure

Lefebvre
2000

Pagliuso
2001

Not yet settled,
rather segregated |—G—G—"

PHYSICAL REVIEW LETTERS

Coexistence of Antifer romagnetism and Superconductivity near the Quantum Criticality
avy-Fer 't

of the Heavy-Fe Compound CeRhlng
Lee, PRL 2005

Kawasaki.! ¥ Kawasaki,' G. | Lher

Mito et al.,

ne. Y. Kitaoka,! DL Aoki, ™" ¥ Haga® and Y. Onuki®

PRL 2003




Interplay between magnetism and superconductivity in Fe-pnictides

A. B. Vorontsov, M. G. Vavilov, and A. V. Chubukov PRB 2009

Coexistence of superconductivity and a spin-density wave in pnictide superconductors: Gap

symmetry and nodal lines
PRB 2009

D. Parker,! M. G. Vavilov.? A. V. Chubukov.? and 1. I. Mazin!

Unconventional pairing in the iron arsenide superconductors PRB 2010

Rafael M. Fernandes,” Daniel K. Pratt, Wei Tian, Jerel Zarestky, Andreas Kreyssig, Shibabrata Nandi, Min Gyu Kim,
Alex Thaler, Ni Ni, Paul C. Canfield, Robert J. McQueeney, Jorg Schmalian, and Alan I. Goldman

++
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A true atomic coexistence is only compatible with
a s+- gap symmetry




Two possible situations

True local coexistence Segregation




« SMOFeAs : segregation
Drew et al, Nat. Mat. 08

- Ba, K Fe,As, : segregation

Takeshita et al. JPSJ;

Aczel et al. PRB 08;

Goko PRL 08;

Fukazawa et al.,JPSJ 09;
Julien et al. EuroPhys.Lett.09
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— °As-NMR Intensity (arb. unit)

Baﬂ ; Ko 3Fe2As

"*As NMR
43.75 MHz
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Fukazawa JPSJ 09







)
Y
=3
x
2
=
=
o
>

1
[N

Superconducting fraction : 90 - 100%




AH // ab (G)

(9)9//HV

0.00
H-H, (Tesla)

Homogeneous magnetic broadening :
100% magnetic fraction below 31K




100% magnetic
below 31K

(9)9//HV

o

100%
superconduct.
below 21K
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Dynamically, the same Fe
atoms display magnetism
and superconductivity

20 30 40
Temperature (K)

— True atomic coexistence




Nature of
magnetism ? &




Cob6% : incommensurate AF
and very small moment




e -
( Incommensurability

(1_80 |j Incommensurate order

7 AH, a7 AH,
Simulated ratio

%41 H/lc

0.2 g Experimental ratio

, . , .
0.50 0.75 1.00
2me

e ~0.04




Z=

Non doped x=0% doped x=6%

TN=1 35K > TN=31 K
moment ~ 0.9 p, > moment < 0.1 pg
commensurate AF order > incommensurate SDW

(d) 1Ak

¥ = (.05
Incommensurability recently shafyd
confirmed by neutrons

""‘ w#it'ﬁ*f_ |

Pratt et al. Phys. Rev. Lett. 106, 257001
(2011)




Phase diagram from NMR/Mossbauer

moment amplitude
(NMR/Mossbauer)

1.0

AF
commensurate

SDW
iIncommensurate

coexistence
incom. SDW &
Superconductivity

o
0.0
0.00 0.05 0.10 0.1¢
Co Doping




'
' How can magnetism and superconductivity

coexist together ?

» A consequence of the multi(5)-band character
of the Fermi Surface ?

M could originate from a nesting driven instability
SC could gap different Fermi sheets

.
Pl o oYl a Ve o~ »

tAIﬁIM: Cl IMIAAA -~ o~ Aﬂ-klA
FCIIIH DUl lace sccllly pUbeUlt‘
model

«Competition/Coexistence over different parts of the
e

Y -.IA -— LIA'A kﬁnA
1 111 a LvwO Ddadlid

. : : : : . 3y SDW
In this model, coexistence is possible only if the 2o

. . e/ SC
magnetic state is incommensurate. N DWe

--> COMPATIBLE WITH OUR MEASUREMENTS

Vorontsov & al., PRB09




mag

Ba(Fe, ,Co,),As,

what is doping really doing ?




Ruthenium
101.07

Ba(Fe, Ru,),As,
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simple rigid band filling Increase both the number of holes &
electron doping electrons , Vg increases, correlatio
decrease by a factor 3
Brouet et al., 2011




Co vs Ru doping

NMR shift vs substitution
in the normal state :

Ba,,K,Fe,As, : dopage en trous

BaFe, Ru,,As, : dopage isovalent

-5 0 5 10 15 20 25 30 35 40 45 50 55

Taux de substitution x par atome de Fe (%)

= electron doping
chemical pressure (isovalent doping)




Co doping homogeneous both
from macroscopic and local probes

superconducting transition
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Ru doping homogeneous

from macroscopic

probo

transport & neutrons
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homogeneous sample with
\ macroscopic segregatia
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Temperature (K)
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How to reconcile
NMR inhomogeneity &
macroscopic homogeneity ?
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homogeneous

d but on a nanoscale
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if Ru effect is average
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Ru doping content (%)
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e
simulation versus experiment
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Local averaging of Ru effect

over 5*5 cell units
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NMR start of

/ the transition

AN percolation treshold (50%)

0 20 40
Ru substitution (%)




. summary
Co doping

Random :_:_'.: Random
Co distribution : EAE Ru distribution :

Local chemical pressure

Electron delocalization
averaged over 1 nm

Homogeneous Inhomogeneous
electronic state electronic state

Homogeneous
low temperature
phases

Inhomogeneous

low temperature
. phases on 1 nm scale




