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Solid-state physics: Experimentalists toys:
- Crystal structure and lattice dynamics, Scattering techniques:
- Electronic properties, - XRD
- Magnetism, (anti)ferroelectrics, multiferroics - Neutron diffraction
- Superconductors Measurements of macroscopic
properties:

- Dielectric spectroscopy,

- Magnetization measurements
(SQUID, ...)

- Specific heat, thermal
conductivity, thermal
dilatometry, ...

Vibrational spectroscopies

Local probes that would
be simultaneously
sensitive to lattice as well
to electrons
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Nuclear magnetic resonance (NMR)

A TOOL to study condensed matter systems

©)
©)
©)

Local, microscopic, site-specific probe
Virtually all elements are NMR active
study electronic spin structure, lattice
structure

Non-invasive — no current, no contacts on
the sample

wyr = 0 (LeV), gives partial g information
(cf. neutron diffraction)

can be combined with other techniques:
transport, magnetization, dielectric, optical,

1JS laboratory: extreme conditions: low
temperatures, high pressures, different
magnetic fields upto 9.34 T

So, why NMR?
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You ain't nothin’
but an artifact,
Cryqye:_ all the time...

Elvis is alive and well, working
as an NMR spectroscopist in
Ljubljana.
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R e s Magnetic resonance - basics

History: Purcell (NMR in paraffin), Bloch (NMR in H,0), Zavoisky (EPR)

Magnetic resonance phenomena is found in systems that poses magnetic moments
and we are “in tune” with a natural frequency of the magnetic system. Magnetic
resonance technique offers a high resolution experimental probe for the study of
static and dynamics properties of local magnetic fields.

Nuclear magnetic resonance (NMR): typically in the 10-500 MHz range
Electron paramagnetic resonance (EPR): typically in the 1-100 GHz range

NMR is utilized widely not only in physics and/or chemistry but also in medical
diagnostics (MRI) and so on.
* Physics
Condensed matter physics
= Chemical
Analysis and/or identification of mate § 4 i .
" Biophysics | i AR K s
Analysis of Protein structure " \
= Medical
MRI (Magnetic Resonance Imaging)

;i' ,It's lupus,
“9 do the MRI!“
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Outline

Introduction to magnetic resonance; Bloch equations,
relaxation times, dynamics susceptibility

The basic spin Hamiltonian for NMR

Hyperfine coupling interaction, Knight shift
The Moriya theory of spin-lattice relaxation
NMR in the superconducting state (just briefly)
NMR in the magnetically ordered state

Examples: fullerides, pnictides and quasi-1D magnetoelectric
system
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Nuclear magnetic moments:
A system such as nucleus may consist of many particles coupled together so that for a
given state the nucleus possesses a total magnetic moment u related to a total

angular momentum [/~

i=A aw I=nl= g=y.hl

Here y is a scalar called gyromagnetic ratio and is typical for nuclei or electrons.

Simple model:
u=iS=inr?; I'=mvr=m(27r/T)r ; i=e/T -y =e/2m

v thus decreases with increasing particle mass

Ly MHZT]| v [MHZ

proton  2.675x10>  42.58 B, [T]
electron  1.759x10° 27990 B, [T]
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Nucleus

1H
2H
He
L
13C
14N
15N
170
23Na
®3Cu
®5Cu
51V
31p

129Xe

v/2n
(MHz/T)

42.576
6.53566
-32.434
16.546
10.705
3.0766
-4.3156
-5.7716
11.262
11.284
12.109
11.193
17.235
-11.777

_--.---------------E

Magnetic resonance - basics

Period
1 2
1 H T
- 3 4 5 6 7 8 9 10
Li | Be B C N (0] F | Ne
2 11 12 13 14 15 16 17 2
Na | Mg Al | Si P s Cl it
4 19 | 20 21 |22 | 23 | 24 | 25 | 26 | 27 |28 | 29 | 30 | 31 32 | 33 34 | 35 36
K | Ca Se | Ti Y [ Cc Mn | Fe [ Co | Ni | Cu | Zn | Ga | Ge | As | Se | Br | Kr
s 37 38 39 | 40 | 41 | 42 | 43 | 44 | a5 | 46 | 47 | 48 | 49 | 50 | 51 52 53 54
Rb | 5r Y [Zr  Nb |Mo | Tc |Ru |Rh | Pd | Ag | Cd | In | S5n | Sb | Te I | Xe
6 55 6 |, 71 72 | 73 74 | 75 76 | 77 78 79 | 80 | 81 82 | 83 84 | 85
Cs | Ba Lu | Hf | Ta | W |Re | Os | Ir | Pt | Au Hg | TI | Pb | Bi | Po | At 1
. 87 88 [,/ 103 | 104 [ 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 | 114 [ 115 | 116 | 117 | @8
Fr Ra Lr Ung | Unp Unh Uns Uno Mt Uun Um | Uub Uut Uug | Unp Uuh Uus Fuo
L anthanid L 57 | ss 59 | 60 | 61 62 | 63 64 | 65 66 | 67 | 68 | 69 | 70
e La | Cc | Pr [ Nd Pm Sm |Eu Gd | Tb | Dy Ho | Er Tm  Yb
aer 89 | 90 | 91 92 | 93 94 | 95 96 | 97 98 99 | 100 | 101 | 102
A s * Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
NldearSpils’Eﬁ’ﬁ’ﬁ’ﬁlﬁ‘
Resonance
Natural Nuclear Magnetogyric Quadruple frequency Relative Absolute
Isotope Abundance Spin ratio moment (MHz) sensifivity sensitivity
(%) M  (107*rad/T*s) (10*%+Q/m?) at11.744T ('H=1.00) (H=1.00)
(500 MHz for 'H)
1H 99 98 1/2 26.7519 0 500.000 1.00 1.00
H | 15%107 1 4.1066 2.8%107 76.733  |9.65*10% | 1.45*10°
3H 0 1/2 28535 0 533317 1.21 0




Magnetic moment in the external
magnetic field

||
!

X

00|

* Torque on the magnetic moment: |T

* Change of the angular momentum

da” . = dg . =
—=uxB=>-""=vuxB
a gt
Larmor precesion i
o, =y\By

Larmor frequency
Typically in the rf range up
several houndred MHz




Effect of rf field

But, in order to see precession, we first need to shift
magnetization away from the z-axis. This is the job of rf
pulses.

In the rotating frame, that rotates with Larmor
frequency @, wis static > B =By~ @ /y=0.

rf field B, cos((2t) = B,+B,
Rotation around the x, axis i
RN YR
90° pulse Bgi =0
Ty /B1o=Tt/2 5 X

B,, of the order of 10 mT 9
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Quantum mechanics: we have to treat iz and 7/ as operators. I£» Ii‘»

['=h fl}/h

N N

In an applied field, H, = —fz- B= —hB, 1,

B,=B,2 > |E =-—u, -B,=—/Bm m=1,1-1- —1+1—I

Example: | = % (case of 'H or 13C for instance)

In the MR we attempt to

B- B, detect the splitting of these
5 1 energy levels by appropriate
B =10 Ny = —= . . .
2 perturbation. The interaction

frequency matches the
splitting:
LARMOR FREQUENCY

hw, = AE = 1B,
Which perturbation will trigger the transitions between these levels? R.f. irradiation

perpendicular to B, will do the job! N
H, =—B,.I| coswt 10

<1imn =3.U-I3n - yhB, must be such, that the angular
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Time dependent Schrodinger equation 7 6—l/j — I:IZV/

has the general solution in the form

W = Zcmul ’me—iEmt/h
m
We can now calculate the expectation value for p,, for instance
(1) =[w*®ayt)de
_ WtZC*.C e—i(Em—Em.)t/h<m|
~ m'™~m
= hy mcic,
m

1=1/2 * * 2 2
> = %m(cl/zcl/z _C—1/2C—1/2) = %Wl(a -b?)

N

z

)

*

* A2 2
Normalised WF: C1/201/2 =a & C—1/2(:—1/2 =Db
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Magnetic resonance - basics

The calculation for the expectation value for u,, is slightly more complicated, but
follows the same steps

() =[v*Oiyt)dr
=7/hZC*.C e—i(Em—Em.)t/h<m|

N

)

X

By recalling

l,m)y=J1(1 +1)—m(m+21)[1, m+1)
I,m)=1(l +1) -m(m-21)[1,m-1)

N
I+
A
|

we can derive <,le> _ ]/hab COS(a)Ot to— ,B)
(u,) = yhabsin(wst + a - B)

(4,)=3m(@° -b%)
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Magnetic resonance — basics
spin-lattice relaxation

5 Bl Simple rate equations
B=0 /— T my = —‘.lf.'
"* dN
e £ =W, N, +W_N_
L l my = .-I.-. dt
2 N+
270 |/, 1A \|?
Fermi golden rule: Pab = ? <b’\/‘a> 5(Eb — Eb —ha))

(o [V}

If we introduce n=N,-N_and N=N,+N_then N, =%(N+n) and N =)(N-n) then we get

SW, =W =W

dn Initial difference in energy

— =-2Nn> n(t) — noe_ZWt population will exponential
dt decay to zero! 13
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Magnetic resonance — basics
spin-lattice relaxation

Problems:

1. Absorbed power dE/dt=N ,Whw-N Whw=Whw n(t) will also vanish after some time
(not supported by the experiments).

2. What if W =0 (no perturbation) and we change magnetic field (M, should change,
what is not predicted by this equation)!

Therefore, there MUST be a process that allows the system to accept (or release) the
magnetic energy. It is the coupling to the lattice — spin-lattice relaxation

Thermal equilibrium: difference in the population given by the energy difference

N e gt INs Ly N N
N dt

In thermal equilibrium d/dt=0

W, /W, =g 7"Bo/keT

14
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Magnetic resonance — basics
spin-lattice relaxation

l |

Spin Lattice

Why now W4#W ?

Rate equations are solved by introducing n and N and we get

N. —nN L= e e
= NQW, ~W,) ~n(W, +W,) 1 "

N (\Ni _WT) "
(W¢ "‘WT)

@
dt
1
T_ = (W¢ +W¢) Ny =
1

0
0

-

f'.l(Tl_‘"

In terms of magnetization, this actually reads as
dM, _ M, -M,
15
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spin-lattice relaxation

Spin-lattice relaxation also solves the problem of absorption of r.f. energy. Namely, if
we take into account external perturbation (described by W) and spin-lattice
relaxation together, then we derive

an _ o4 =
dt 1

In the steady state 1 N |
n =n,
1+ 2WT,

And the absorbed power will be

E _ Who=nw "2
dt 1+2WT,

PIP,
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Bloch equations

Classical description of the motion of magnetic moments in external magnetic field
Torque due to the action of B, U1xB,

This torque will change the angular momentum

ar . - di . dM -
xB, => —= B,=>—=
gt P T g TH dt M

In addition we have also relaxation phenomena to return back to equilibrium. We define
two relaxation times T, — spin-lattice relaxation time and T, — spin-spin relaxation time to
allow longitudinal and transverse magnetizations to come back

dM, _ . M, Please note that changes in M, and M, do not
dt T, change the magnetic energy
dM
> = -7 B0 I\/Ix -
dt T,

dM,  M,-M,
dt T, 17
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Bloch equations in compact form

Magnetic resonance — basics
Bloch equations

M, (t)=M,(1-e"™)

Mx, My (arb. units )

time

15

R (1/T, 0 0 )
M - - o
W=;4\/|><BO—5(|\/|—|\/|0) R=| 0 1T, O
L0 0 UT,
With initial conditions M, (0)=m, M, (0)=0, M, ()=M,
we have solutions in the form 2
M, (t)=me™"' ™ cosa, t —
M, (t)=—me"'"sinew, t \ .
==

18
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polarized (along the x-axis)
Vit Yrot

Magnetic resonance — basics
Bloch equations

The application of rf field perpendicular to the static magnetic field will thus lead to an
extra transverse magnetization. In a typical experiment, the rf field will be linearly

The result of previous calculations is that, we can
write M, component of the magnetization in the
laboratory frame as

M, (t) = M cos at + M sin at = (' cos et + ''sin et )B,

rot

Rotating frame with field
B.g= (Bﬂ._, 0. Bg—ﬂ? J"{}’j

ot
\ Xiab
X

We thus defined a complex r.f. susceptibility
_ 1 . 11
X=X1x

with components

Stationary solutions dM/dt=0

1+(o—ao, ) T, +y’B.TT,

M, = (“’j("; )sz 1B M, A0 T (a)o ~ a))Tz
I+(@-o, )T, +y’B.TT, X 2 0°2 1 ( )2T2
T, —> T =) 1,
M, = : — B.M
" 1t(o-o T2+ BIRL T n_Ao T 1
>— o PT2 A =5 Wl 2
M. - l1+(o—o, )T, M, 2 1+ (a)o . C()) -|-22

19
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Bloch equations

When the detection coil is filled with measured material, its inductance changes by

L=Ly(1+y)

The complex impedance of the coil thus also changes as
Z=R+ioL=R-oLyy " +ioLyy’

The real part of Z changes by AR/R=wL,y"'/R=Qy"’

In unperturbed coil, the relation between the magnetic energy and the current
producing that magnetic field is %L, %= %2B,?V/1,

Because of change in the impedance, the average dissipated power is

P= %ARiOZ = zi BVay"
Ho

In MR experiments we are thus measuring x”. But i’ is related to ¥’ through Kramers-

Kronig relations, so we in principle know both of them.

Also, please note that P is proportional to y, so it can provide a quantitative information

about the static magnetic susceptibility of the samples!

20
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Method of moments

The experimentalists thus measure the absorption y”’(®). The theorists tend to be more
familiar with the Green functions or time-correlation functions of spin operators. In a
linear response theory, developed for MR by Kubo and Tomita, ¥’ (®) is expressed as

Z'-(w):%wmx(t)mx(o»emdt

A time evolution of M, operator is calculated in the interaction representation

N

M (t):eiﬁt/hm e—th/h
X X

Lets define the spectral lineshape as

o0

f (@) =2 GE ®) _ le’T (.0, 0)

If we perform inverse FT of the above expression, we can derive

vV
2k, T

(M, (t)M,(0)) = % T f (w)e*da

21
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Magnetic resonance — basics
Method of moments

v
2k, T

(M, (0™, (0)) = %T f (o)dw

step further

If we look at the above expression at time t=0, then we notice the following

‘ ;[lx - Ai,x
<1ai2,x> = </:l|2y>

. 2211 +1
/Ui2>:7/ ( )

v d
2k, T dt

(M, (M, (0))], o - ijn of ()

The n-th time derivative will be thus

vVodr
2k, T dt”

M, (OM, ).

(Zi—); ]ia)” f(w)dw

Therefore <M, %> is a measure for the area under the resonance curve.
But, if we take the time derivative and then take its value at t=0, we can make even a

22
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Method of moments

We can thus define n-th moment of the resonance as

Jorf@do S oM, 0)),.
<a)n>:_oooo = (i) & N 2
j f(w)dw < >
Let us calculate the second moment of the the line
d* Qitit/n iFit/ 7 | d QiHit/ “ikit/n
- (€™M, (0 "M, (0)) = %E< (HM, M, H)e ™"\, (0))

_ h2< |Ht/h[H [H Y, :Ik—lHt/hM (O)>

Taking the above expression at t=0 and slightly rearranging terms, we finally derive

<w2>: Ioa)zf(a))da) 1 <[H,
om0
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Probe

Head = e and multipin connections
Capacitor luning
— Ciomiomeler comtrsl

Hedght adjustment

Bﬂd} = Capacitr Housing

Sample Houwsang

Gioniometry

= Thermuometry

24




Current Piston-cylinder cell for
NMR

clamp/screw (Be-Cu)

e for pressures up to 20 kbar
* |arge sample volumes (< 200 mm?3)

* easy to manufacture

upper piston (Ni-Cr-Al)

* inexpensive materials
body (Ni-Cr-Al) —

* dangerous

bottom piston (Be-Cu) —/




ODSEK ZA FIZIKO TRDNE SNOVI . .
e R s Magnetic resonance — basics

pulses

If we can neglect the effect of relaxation times (typically this is justfied when the
duration of rf fields is short compared to T, and T,), then one can also show that the
effect of rf field will be to rotate the magnetization

t=0 t=m /2y H, (/2 pulse) t=m/rH, (7 pulse)
Z y ya
F 3
y ./:[:v—r y y
X X X
After nt/2 pulse we observe FID .
A Deadtime>2 us Small current induced )
5§ 'm in the coil is amplified o
g and then analyzed - e
-.:_g- -1 —0.75—0.5—0_.02-525- D5 0.5 075 1 _?Efi
= 0.5} T
E »> -a_75f
time -t

1a0
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Magnetic resonance - spin echo

When FID is to short to be observed then we may want to try with spin echo

Two pulse sequence

e

a bric g

- o ———— - ——— -

— - > t

T
7 /2 pulse siifse \/ Spin echo signal

Spin Echo (Hahn, Phys. Rev. 80, 5801 ¢1950))

27
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‘ Measurements of relaxation times ‘

Inversion ngcnver}r
‘ 5Tl

.._.-/

90

'Tau W

i
YA

'J

28
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®_o SONDENSTDNRNG Magnetic resonance — what we have

=

learnt so far?

Classical Bloch equations (torque + T, + T,)

T, processes must result in a transfer of energy since it involves magnetic
dipoles reorienting in a magnetic field. Quantum mechanically, it is a change
of populations between spin-down states to spin-up states which are
nondegenerate in a magnetic field. Since the energy is typically gained by
the lattice, T, is termed as the lattice or longitudinal spin relaxation time.
QM treatment in the Schrodineger and Heisenberg picture

In magnetic resonance we are measuring the imaginary part of the r.f. spin
susceptiblity " (w).

. Method of moments:

1. O-th moment M0=ﬁ’(a))da) is proportional to the static spin susceptibility
2. Higher moments are in fact given by the commuators [H’, | ]. In
particular we emphasized the first moment M1=fa)f(a))da)/ M,, which
is just the center of the resonance and the second moment M,=J (-
M, )? flw)dw [ Mywhich is measure for the linewidth.

29
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Magnetic resonance — a brief
summary after first lectures

0

I(a)—a)o)f(a))da)

(@-a,)== =

T f(w)dw

(Hm )
(M)

Ta) a)o * f(w)do <[Hlll\7lx:|2>

1
h

oren o

J- f(w)dw

v <] *Zm

m =B 2

Bloch equations in compact form o= 75, n \ Py
& N—A—
N 1T, O 2
E:;A\ZXEEO—B(M—Mo) R=| 0 1/T,
0 0 1/T,
Magnetic resonance measures N DA R
7(0)= 2 (M, (M, () “a

Method of moments B -

30
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NMR = local, real-space probe where the behaviour of nuclear spins can be
monitored on a site-to-site basis.
Types of NMR observables:
1. NMR spectrum is fundamental and major element of sample
characterization
Width & distribution
» Sample quality
» Crystallographic inequivalent sites
» Local site disorder
*  NMR shifts, which are measured as a frequency shift proportional to
the applied field is a fundamental measure of the various terms in spin
Hamiltonian. In magnetic systems is a measure of local spin
susceptibilities. Various sources:

» s-contact shift (in metals = Knight shift) S = Vies 1= Vres 1
> Core-polarization shift B -
ore-polarization shi 7,80 Vi

» Dipolar shift
» Chemical shift

2.  NMR dynamics as represented by the spin-lattice relaxation time T,. T, is
linked to % “(q,®) via the fluctuation-dissipation theorem. -




00
00
o 0
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NMR - basic Hamiltonian

Nuclear magnetic moments in solids constitute nearly perfect example of an ensemble
that is weakly coupled to its neighborhood. In NMR we attempt to explore this weak
coupling to measure sample’s static and dynamic properties.

General spin Hamiltonian

H=H,+H

dip

+ HQ +H,__,

1. Zeeman term

I_Iz — _7/hBo IAz

NMR: detect the transitions between these levels. It is usually the strongest term and in
most experiments it will range between 10-500 MHz.

32
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2. Dipolar term

H _ﬁz 'Ai"AJ 3(|Ai'rijrgrj'rij)

dip — 3
2 ] rij ij

It is much weaker than Zeeman term as it is at most in the several 10 kHz range. It will
give rise to a Gaussian type of broadening of resonances with a second moment

3 1 (3cos® & —1)°
Ao®) ==y 1 (1 +1)— !
pel) =g D2, iy

Calculated from the definition of the second moment

oy S8 (i
" e 0

33
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2. Dipolar term

NMR - dipolar interaction; example

Effect of molecular motions: we need to
Take a time average over the dipolar term

(3cos® 9, 1)

I 1 | T T T L

0 + }
) b)
2 1600
3 1 (3cos” 4. —1)
(A®) =y R 1(1+]) =Y - I
4 N 75 F; = oo 000
g B °°°o°
£ °8
5 wof Fop 00 ]
400
| ] | |
50 100 150 200 250 300
TIK]
S LI
80K
1000 500 0 -500  -1000
w/2m [Hz]

34
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B Quadrupole Interaction
© Q
® ® ® ® (L paper) Qin field
gradient
(a)
© Q>0 ©
(a) (b)
Nuclei of spin / > 1 have electric quadrupole moment. Ref: C.PSlichter, “Principles of

o _ Magnetic Resonance”, 2" ed., Chap 9.
Q > 0 for convex (egg shaped) charge distribution.

1 ZV . 2
HQ:aZVMQaﬂ Vaﬁ:a— ekz (3%, X =6, 1)
a, axa axﬂ e protons
r=0
Wigner —Eckart Theorem: H, Z [ (I 1, +1,1 ) S, 4 IZ}
a, f

| B equ ,\2_ Q 5 2 eq :sz
Quadrupole term:|H, = 22 -D) [3|z (1 +1)+ 2(|+ T I—)} eQ=(11|Q,|[11)

e’ =(V. -V )V
Axial symmetry: EQ = A1 (ZC:(:?—]_) |:3m2 — | (I +1):| n ( XX yy)/ 7z
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Some comments about the Quadrupole term:

1.

It is frequently the leading (perturbation) term in NMR when /#1/2. It is not
unusual to find it in the several 10 MHz range. In fact in some experiments we
deliberately switch off magnetic field and observe only the transitions between the
quadrupole split levels (Nuclear Quadrupole Resonance).

For I=1/2 the nuclear quadrupole moment Q vanishes identically according to the
Wigner-Eckart theorem.

The choice made in the above equation is such that the principal axes fo the EFG
tensor are chosen in such a way that |V, |<|V,,|<|V,]|. Thatis, |V,,]| is the largest
principal value.

The symmetry plays an important role. For instance in cubic symmetries because of
AV=0 we see that V_=V,,=V,,=0. In other words, in this case H,=0! However, even in
cubic structures, strains can play a role as they effectively give rise to some
distribution of v,. Then due to the first order broadening only the central transition
-1/2<->1/2 will be resolved.

In tetragonal or trigonal symmetries we find that V,x=V,, or n=0! We have an axially
symmetric EFG.
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W o e Quadrupole interaction
Case of n=0 1 302
e
E,, =—yhBym+=hv,(m? =1 1(1 +1)) vy =2 R
2 2hl (21 -1)
Quadrupole frequenc
For O 0: v=vLJ_r%an(SCOSZI9—1) P a Y
[=3/2
A
i
-3/2 on oo o ‘+
VitVa l First
- 1/2 ) N— order
I satelites
Vi
1/2 \ - - -
3 Vi-Vq
5/ —— Vi-Vq V| Vitvg
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Institut "Jozef Stefan”, Ljubljana, Slovenija

with a square root singularity at v ,-Janv,

Quadrupole interaction — powder

lineshape

In case of powder samples with uniform distribution of g over the unit sphere, the first
order transitions give rise to an intensity distribution between v,+nv,and v -Jnv,

f’ll \

w,—16A,/0h W, w AR

I=3/2 2
A v=v_t3nv,(3cos” 3-1)
6 =90 I|II I'|
I.' ", A,=1/4e%qQ/h
"'.I m is no longer strickly a good
P\J’ "\__ﬂ quantum number so there are a
j“' \ _ second order frequency shifts.
B \.....0=0 .
aiii— il - Interestingly they cancel out for the
Wo2A WA DA “Wat2A satelite transition, but they give a
second order shift
M 2
| E v 3) .
.f“\ A v :vL——Q(I(I +1)—Zj5|n23(900529—1)
fl: o} —2
. £ L
A
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B A N Quadrupole interacation - example

A3C60
FIG. 2. Unit cell of A3Cg (Murphy et al., 1992). The small

spheres represent alkali ions and the large spheres are the Cgy
This is followed by a summary and concluding re-  molecules. In a given unit cell there are two ions with tetrahe-

marks in Sec. VIL dral coordination and one ion with octahedral coordination.

fcc lattice: Octahedral (O)
and tetrahedral (T) sites

FIG. 1. The fullerene Cg,.

133

bcc lattice: only a
single intercalation site

fcc: site symmetries for the two Cs Cs

Cs sites are 23 and m-3 => ~ boophise | T fecphase

EFG=0 = g

. £ g 0
bcc: site symmetry (-4m.2) =>n=0 > > T
SIM

3Cs 1=7/2 5000 0 5000 523 524 525 2
7/2<>5/2,5/2<>3/2, ..., -5/2<>-7/2) v-v._. (ppm) v(MHz)
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Electron-nuclear interaction

The coupling between the nuclear and electron moments can be divided into three

contributions

H,_,=H, + H:—IE +H,;

Chemical shift:

H, = yigugl -1 /18

Dimensionless second-
rank tensor

... is the interaction to the electron orbital moment
and is usually contained in the so-called chemical shift
in materials where the angular momentum is
quenched. If this is the case, then the extra magnetic
field at the nuclear site, which is a result of the orbital
moment of the electrons, is expressed as

—

Hes =—pl 'Q'éo

O ny Oy,

oc=|o, O, O,

B O Gzy O | 40
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Chemical Shif
Institut "Jozef Stefan”, Ljubljana, Slovenija e m I ca I t

The range of c component is somehere in the
ppm range, so it s really a small
perturbation to the Zeeman hamiltonian.
For this reason we will need only c,,
component of the tensor.

Chemical shift is widely explored in chemistry
for recognising chemical groups and thus for
the reconstruction of the chemical
components. The calculation of ¢ is
however very tedious job and we shall leave
it to quantum chemists. For us it will be a
parameter, which is determined directly
from the experiments.

T T ’ T N T

Benzena I:W [1\43 Pem -~ Kgcm (155 ppm . CO adsarbed
1120 ppra) oy 4 / ¥ on Pt (540 ppm)

I e

A oM T RbC
{182 i
KE, (81 ppm) \ 2sa 1157 PP
4 Graphite {176 ppm}

C'.-n (132, 146, 148, 149, 1587 ppm)

'§ —  Aldehydes, Ketones Il
= (182-215 ppm)
g
5
] — Alkene, Aryl \c_ @:_
s (100170 ppm) "1
=
S = Alkyne _Cg
(60-30 ppm) |
|
|
J— Alky RCH,, RCH R, RCHR |
{0=50 ppm) L 2 2

=100 0 1000 200 300 400 500 600  FoO 800
Shift from TMS (ppm)

FIG. 10. *C NMR shifts at room temperature for a range of
carbon compounds. The shifts are measured in parts per mil-
lion (ppm) from tetramethylsilane (TMS). Graphite and alkali-
intercalated graphite CgK resonate at 176 and 81 ppm, respec-
tively (Mizutani ef al, 1981). Solid Cg, is at 143 ppm. in the
range of aromatic compounds, and the superconducting alkali-
fulleride compound Rb;Cg;, is at 182 ppm. The inequivalent
carbon sites of Cqy in a mixed Cg/Coy powder (resolved by
magic-angle spinning methods) are at 132, 146, 148, 149, and
151 ppm (Tycko, Dabbagh, Fleming, ef al. 1991), also in the
aromatic range. Insulating K,Cg, is at 155 ppm (Tycko, Had-
don, et al., 1991). Finally, the "*C resonance of carbon monox-
ide adsorbed on a platinum surface is at 540 ppm (Shore,
1986), a ““world record” shift for '*C. Also shown for compari-
son are ranges of shifts for "*C nuclei in various types of or-
ganic compound (Solomons, 1990).
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AN Chemical Shift — powder spectrum

Zeeman + Chemical shift Hamiltonians

H=—yl-(1+0)-B

Gij<<1 V = 7/BO (1+ GZZ) — V|_ (1+ GZZ)

Principal axes O xx 0 0
system o= 0 O 0
0 0 o,
XI
4 Axial symmetry
Gxx=Oyy
0

A%

19
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o D e Chemical Shift — powder spectrum

b2
f
The ,,component, which we are looking for is J\
2 X ‘ B33
GZZ — O-J_ _I_ (G" - GJ_ )COS l9 B t,’(alq}) : \
a8 | |
_J

The resonance frequency this reads ¢ ¢

V=V|_(1-I—GL+(G"—GL)COSZ 9) l

5522
To calculate the spectrum J

f(v)dv = g(Q)dQ = const.d cos 9 ﬂ
()= const. const. .

dv v 2(0, -0, )cos 9 o
d cos e

const.
f(v)= 2 oo o v @i o)) velv l+o,)v (1+0))]

Presence of motions: can average the CS anisotropy even in powders
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o D e Chemical Shift — powder spectrum

Example: pristine Cg,

Molecular rotations at high temperatures

>T.=260 K: rapid isotropic rotational diffusion

That means that the angle between the
external magnetic field and the principal Z’
axis randomly changes => need to average
over theta <cos?d(t)>=1/3

v=v (l+o, +(o-|| —01)< cos® 9(t) >)

=v,(l+0o, +(c7” —GL)%)

=v, (1+ (0” +20, )%)

=v, (1+ %Tr{g})

a)
b)
c)
L 1 | |
15 0 5 0 -5 -1
w/ 21 [kHz]

FIG. 5. Simulated inhomogeneous *C NMR line shape of
powdered Cq, for (a) fast isotropic reorientation, (b) fast uniaxial
rotation, and (c) a static powder spectrum. In all three cases,
the '*C chemical-shift tensor was assumed to be axially sym-
metric.
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[

Institut "Jozef Stefan”, Ljubljana, Slovenija

Example: pristine Cg,

FIG. 20. C NMR spectra of solid Cg, obtained at ambient
temperatures of 123, 100, and 77 K (Yannoni. Bernier, ef al.,
1991). The C NMR spectrum of Cy is expected to be a broad
“powder pattern” resonance (width greater than =200 ppm)
reflecting the chemical-shift anisotropy of the *C nuclei aver-
aged over the crystallite orientations. The “motionally nar-
rowed” NMR line at 295 K (143 ppm from tetramethyl silane)
proves that €., molecules are rotating rapidly with respect to
the NME time scale, which is defined by the inverse of the
spectral spread (=107 5). As the temperature is reduced, the
powder pattern is recovered as the molecular motion de-
creases. At 77 K there is little evidence of the narrow line at
143 ppm, and a fit to this line shape vyields an asymmetric
chemical-shift tensor with components of 220, 186, and 25
ppm.

295 K

123 K

100K

T7TK
200 0 -200
ppm (TMS)

Chemical Shift — powder spectrum
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© vt voer Sifan Libiana, Sovenis Electron-nuclear interactions cont.

o
[

We mentioned that the angular momentum interaction will give rise to a temperature
independent chemical shift. However, in paramagnetic solids we need to take into
account also the interaction between the electron and nuclear spins. When they are
separated in space, then we can always count on the el-nuclear dipolar interactions

(i IJXI IJ) i'IAJ'

3
] u r'ij

dlp —Wl g:uB

This will hold well also for p- and d-state electrons. For them we can in fact rewrite the
above equation in terms of a coupling traceless tensor T

—

dlp 7/7/2 g/uB — B

For p-electrons the spatial averaging gives the components

4/1 2/1
TIIZ_ F Xs T, =——(=5)Xs
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O i tota S, Lo, Sivenks Electron-nuclear interactions cont.

[

The difficulties arise for the s-state electrons. There the dipolar approximation breaks
down since we have a non-zero spin density at the nuclear site. We will treat this case
within a simple first-order approximation that is reasonably accurate at high magnetic
fields. A more rigorous treatment utilises the Dirac equation (see for instance C.P.
Slichter, Principles of Magnetic resonance)

S-orbitals have spherical symmetry and non-zero spin density at the nuclear site.
Therefore hf interactions involving s-orbitals are large and isotropic!

The simple model for this interaction is a current loop representing the magnetic
moment of the nucleus.

fy =Sin=i=u [’

Biot-Savart law: MF at the center of the loop is

J"dl XT 2,uo

The average fleld inside a sphere of radius r is

3/uN

B,, = B, (probability density J(volume) =

4 , 2
=By ly. (0)f —ar S =3 Koy . 0)

3 47
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O % SIS N e Electron-nuclear interactions cont.

The energy of the electron magnetic moment in this field will be

L2 TS TS
E:_/ue'Bv 3ﬂogﬂ57/h‘We( X -S=al-S
Lets take 1s WF
2 1 ~r/ryg
Ve (r): ﬂr_se rg=5.29-1011'm
to get 2

o 1011, = 2 gl O =0.5076T

The more general treatment would actually give the famous Fermi contact interaction

More formalistic calucaltion: see J.D. Jackson, Classical Electrodynamics, Ch. 5

A—ﬂnlr\;xizﬁnmxi 8
A r2  dnw r3’ JC T = 3 (=
— Hy :_3 Qugyii’l -S-0 (r)
B=V x A -

) 48
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R Core-polarization hf coupling

d-electrons: Do we expect Fermi contact hf interaction (zero spin density)?

They will frequently lead to the anisotropic hf interactions, which can be generally

written as
H= > als = P! |.B
I=X,Y,z i1=X,Y,Z g/uB
We may thus define the Knight-shift tensor with component
d,
Kii = X
i 2 Ai
IRy

The result may be at first sight surprising since d-WF vanishes at
the nuclear site. However, d-electrons can interact indirectly by
polarizing core electrons. The Coulomb repulsion drives core s-
4 f! S states (fully occupied) closer to the nucleus. However, because of
*; the Pauli principle “down-spin” s-orbitals will shrink more than
“up-spin” s-orbitals. This will create a total negative hf field at the
int nuclear site. The associated fields can be in fact quite substantial
sometimes. For Mn?* in MnF, it can be as large as -127 kOe/p;. 49
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B Hyperfine interaction

What will Fermi contact inetraction do in magnetic systems?

H, =8—ﬂgﬂ57/h S-5°(F)| =) a)n:?/nBloc:yn(BO+<Bhf>)

Since we expect that the electron spin dynamics will be fast on the time-scale of NMR
experiments (over 10 ps) we can take average of e spin operator | | B,

<Bhf > = ZAI y <S|> — Hyperfine tensor:

- on-site: Fermi contact, A= very strong and
~known

- Transferred: A can be anything

- Dipole: A can be calculated, usually very weak; it
vanished in sites having cubic symmetry

e HZ Axs » _ A
Al -S —> AL (S, ) = Al =y | B K = X
Z< Z> ’ Qugh ’ 7aNAQLsh ’ N Qrgh ;
Units of A found in the literature:
-A/f [s71] -103 A/y, ki [kG/spin] -103 A/y,.gh [kG/ug]

-A/1.602x10%? [eV]
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N Hyperfine interaction

How do we extract hyperfine tensor?
-600

-600

-500 -1 | EID ™ .
-400 - E - 1338cs,o = 15(8),
-300 —fm - | 1336CS'T = 148(15)

-200

-500

-400

133K , 87K (ppm)

", .
-100 |- . | 1
L % . Sgppmsm [ | 300

1 1 133G = -2.28 kOe/ g, =

0 50 100 150 200 250 300 (e RSN BEICR {OTATIS 105K - -2008

Temperature (K)

[ |
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@ Institut "Jozef Stefan”, Ljubljana, Slovenija Hype rfi ne inte ra Ction
But, be carefull!l NMR is still a local real-space probe!
Example, doping of Haldane chain system F. Tedoldi et al., PRL 1999

89%Y NMR
Y,BaNij g5M8g; 0505

(1) valence bond solid

V  witha single valence
bond connecting
every neighboring
pair of sites

o o)
@

(o o)
@

@ the ends of the =

§  chain behave like 2

@ spin $=1/2 z

}\ moments even 5

@ though the system =

$\  consistsof S=1 i I B
Q only 14.00 i 1445 (0 f D i14.10

H, (Tesla)

VRE = ,,};_ (Ho + ) = ,;’:_ [Hn + (Zﬁskﬁ?sk}) }
i ) ] E_k

AH(T) = (1) aH, (T ) 00



//upload.wikimedia.org/wikipedia/commons/6/6e/AKLT_GroundState.png

T ODSEK ZA FIZIKO TRDNE SNOVI

(5] Institut "Jozef Stefan”, Ljubljana, Slovenija

In metals:

-The shift is always (almost) positive
-The shift is very nearly temperature
independent

-The shift in principle increases with
the nuclear charge Z.

The fact that metals have a weak
spin-paramagnetism suggest that the
shift may simply represent the
pulling of the magnetic flux into the
metal. However, the susceptibilities
are to small to account for such
effect.

Knight postulated that the shift
arises because of the interaction of
nuclear spins with the conduction
electrons through the s-state hf
interaction.

0.6

0.5

o
~

Intensity (arb. units)

o
W
T

Knight shift

Ceo Versus K;C,,

—— 85% 15¢
psiy q96-Ne

Ref. C,

Freq: 50.324 MHz
| Temp: 290 K

Sample: Kgceo

1 0.2 175

185
Frequency (ppm)

R

195

o | 1 - —
100 150 200 250 300 350
Frequency (ppm)
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i b B Knight shift

What will Fermi contact inetraction do in metals?

H, 8 g,UBVh 53( )

Since we expect that the electron spin dynamics will be fast on the time-scale of NMR
experiments we can

I H Xmol
.S 1.(S,)=1 _|, Ami_p
2(S2) “Qugh " gugh

In order to calculate the spin density at the nuclear site, we start with the Bloch WF

_ -\ _ik-F _\2
v (F)=u(F)e" = Pe :“/flz(r)(

We need to consider only states at the Fermi level

0

Putting everything together we derive

8
:?”yh;{\uk(o)(; |,B, = #KI,B

With a Knight shift

K= 87[ ())( )4 ‘ Measurement of spin-only
3 Er susceptibility > N(E,) .
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Tt Tsc dependence pressure/doping

MIT line is not vertical

200 —— —
Cs,C,, RbCs, C,. ] Thinking about CC explanation
o "CT o "cT dp/dT=AS/AV
0T o esT © :TCST Il If the magnetic entropy (calculated per C,) is
" T " ST AS = kg In [S(S+1)] = kg In 2
1201 ® o7 ° oo | Structural study:
E’ O susc. T AV =4 A3 per Cg,
80 | * XRDT il We thus estimate
METAL dp/dT = kg In 2/AV
a0l | = 1.4-10° Pa/K
Experimental value:
. - | SU.PER.CONDUC.:TOR | AEI dp/dT =0.6 GPa/150 K=4-10° Pa/K.
700 720 740 760 780 800
V/CZL(A)

T(K)
o

NMR o
Ty7 VS p diagram ol

T T T e T 55
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B Superconducting state

Normalized Spin Susceptibility

©
—

0.01

1.0I -~ I1.5I -~ I2.0I -~ I2.5I -~ I3.0
T/T

0 50 100 150 200 250 300

T (K)

Superconducting state

n

a AB

10="0cs +———Ast
At B,

Y(T)= J dEl éfRe-—E:iAg—rw_ J/

demagnetization due to the
Meissner screening currents and is
in general not known

After subtraction of two shifts
TS 'S
Acs:né"cs_n/acs

A= (” a—”’a)/ W72
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R Summary of interactions

H=H,+Hy +H,+H,_
_ 1 ek IAi"Aj 3(fi-ﬁj)(fj~ﬁj)
=Bl MeTH R s ]
eqQ 2
. 4|(2|—1)[3| 10+ + 2 (1241 )}
Hes =l -0 B,
dlp 7/h g:uB l é
S _ a,
Hip == Queh1-S-5°(F) - Ka =g 2 i




Example - Pnictides

& % o
Cd "
 — ¢ 6~-&
3 P e (1 o g [
AT YA
1 I RS = 1
e I (N §
18 - ‘ 1
¢ el ¢1 €%
| | oy | |
F 74 e @
L..__.{._.._! k—L _______ vb
T a\ ¢ _Ae
€
< ® ¢ v
© ©
@
FeSe o %
(4
LiFeAs

Q2—4O K ~18K /

Li*(FeAs)™

1M

e e

_____

LaFeAsO

~57 K

(La>*O%)*(FeAs)

Se atom has one extra electron

compared to an As atom,

Se?*: (4s)%(4p)®

As3: (4s)?(4p)°

122 32522
B o g
A k
i“: e :ﬁ: ‘T ®
[ S ) @
i e :,'L ¢ "v
Ngd o
::_.‘i-_,,f: ‘i‘+‘v+lv
_______ [l
BaFe,As, i T 9
o

(Sr3Sc,0c)Fe,As,

~38 K <2K

Ba2*(Fe,As,)?"

2131 Chuetal.,
Nat. Phys. 5, 788 (2009)

(Sr,V,0()Fe,As,

~37-46 K

—cFe-As-Fe =74.8° Fe-As-Fe=118.5%

Fe-Fe=2.85 A Fe-Fe=4.03 A

Institut “Jozef Stefan”, Ljubljana, Slovenija
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Temperature

o]
s
3
—
m
e
(]
a
5
[

~ Cuprates

™
AS

Pseudogap t \
A%

AFI sSC

N YBa,Cu,0, (123)

Normal metal

Charge concentration

L AFI+SC

Fullerides
Cs3Cq0

Pressure

AFl phase next to SC is a hallmark of electron
correlations. Correlations are strong and onsite.
No symmetry change through MIT!

Charge versus pressure controle of SC!

Temperature

Temperature

Phase diagrams

Iron pnictides
LaO,_F,FeAs (1111)
Sr,_ K Fe,As, (122)

SDW |
semi- !

metal !
SC

Charge concentration

Chuetal.,
Nat. Phys. 5, 787 (2009)

SC: superconducting
AFl: AFM insulating

Also see our papers

Heavy fermions
CeRhling (115)

Pressure

stoichiometries ...)
5.3Dvs 2D!

4. No disorder caused by the doping (off

6. Importance of cubic symmetry!
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Example: NMR in magnetically ordered state

phase)

SDW in pnictides (1111

0.20 [ S S
[ T T -
i,
- e
0.15 Fe Muclear _|
cell

S. 010
=3
(&7
=
0.05
0.00 -
T T —
a3 a4 95
E&{degrlfaes} |

Co L

> | O o

0 20 40 80 80 100
T K

120

140 160

Cruz et al., Nature 453, 899 (2008)

Yildirim, arXiv:0804.2252

(a) AF1 (J,=2],) (b) AF2 (J,<21,)

Fully frustrated

The frustration is lifted by
a structural distortion

*SDW order with Q=(r,x) for V2a
x V2a due to the interband
nesting between the hole a- and
electron B-bands

emagnetic moments ~ 0.3 uB



Example: NMR in magnetically ordered state
SDW in pnictides (1111 phase)

>As coupling to Fe moments

X b
Fe2 Fel
& | &
75AS
O
Fe4 Fe3

— axy

ayy

yz

—a

Xz
ayz

Zz

By = ZAi " Hi
i=1
Symmetry considerations: mirror reflection with respect
to bc plane
aXX axy a'XZ a'XX
A=la, a, a,]| A,=|-a,
Xz yz 2z —a,

—a

Xz

A,y

yy

- ayz

—da

Xz
— ayz
a

77

PM phase:

M:ZHO

AF phase — taken from LaOFeAs data

Q=(1,0,1)
Fe magnetic moments are aligned along the a-axis

ov =4a, B,
ONLY ISOTROPIC PART!!II

BAs — 4'axz:uFe "€,
ONLY OFF-DIAGONAL TERMS! !

m— Beff — BO\/:I'_i_(Bint/BO)2 +(Bint/BO)COS‘9




Example: NMR in magnetically ordered state
__ PHYSICAL REVIEW B 79, 094515 2009
ONSET OF LOCAL MAGNETIC
80 K gg FIELDS

NdOFeAs
T phase: As reside on the
2c (1/4, 1/4, z) position,
which is axially symmetric.
n= (Vxx_vyy)/vzz =0

vq =3 eV,,Q/ 21(21-1)
=11.8 MHz

Intensity (arb. units)

NdFeAsO, acFy 1 o |
Vo = 12.8 MHz

Low-T orthorhombic phase: As is . JQ%AM s (quowumooooo i
on 4g (0, 1/4, z) position, T
n=0.102 v-v_ (MHZ)

_ (1) (2)
EFG mainly originates from As 4p Vinom-1 = Vas Beff t AVQ (‘9’ ¢)+ AVQ (‘9’ (0)

Electrons with a prolate p electron ‘
distribution in agreement with the

negative V... A, ,=10.5 kOe/p,

comparison large anisotropic hyperfine fields - experimental
(LaOgy oFy 1FeAS: vq = 11 MHz) evidence for the Fe 3d and As 4p hybridizations



‘111’ family

They are |sostructural .
NaFeAs W LiFeAs
NaFeAs : b & = LiFeAs
® 108(.;.7(2 ) @ 0102 88(1/‘
(\24366(5) ( 2.4141(2)
e R. 112.865(5)N

Bulk superconductor

A(t) (%)

ﬁ - L] LI L L)
N % 0.000 }
a 0 _ -0.004
L]
SDW below T, =45 K 2 0008k sample 2 (ZFC)
Lii
= -bozp -
h' B
— () 2 -0016F .
ST 8 Sample 1 (ZFC)
= 2 0020} P -
57 -0.024} .
0 -0.028 -
Elu L L 1 L L
- 0 5 10 15 20 25
= 5 Temperature / K
< M.J. Pitcher et al.,
0 1 2 0 0 10 20 30 40 50 Chemical Communications 5918 - 5920 (2008).
t (ps) T (K)

PRL 104, 057007 (2010).

Institut “Jozef Stefan”, Ljubljana, Slovenija

D.R. Parker et al, [38: ODSEK ZA FIZIKO TRDNE SNOVI




23Na (I =

3/2) NMR in NaFeAs

“Na NMR, Na FeAs

12K

30 K

35K

40 K

%

50 K
55 K
60 K
65 K
70 K

75K

o — T 293K |

52.5 53.0 53.5
v [MHz]

25

20F

1.5F

1.0

0.5}

Signal Intensity ( arb. units )

52.4 l 521.6 l 521.8 l 531.0 l 531.2 l 53.4 53.6
Frequency ( MHz )

Vq = 530 kHz and the electric field gradient

(EFG) asymmetry parameter n =0, in

agreement with the high-temperature Na

site symmetry.

0.0
52.2

\ 4

No structural phase transition between RT
and 60 K

[33: ODSEK ZA FIZIKO TRDNE SNOVI

o Institut “Jozef Stefan”, Ljubljana, Slovenija




2Na (/ = 3/2) NMR in Na FeAs

@i
300 K

el \ [ 1FeAs
e Nao'gFeAs
NaO_SFeAS

Intensity (arb. units)

(b)

P I T T T
53.0 53.5

PR R BT
52.5
v (MHz)

Klanjsek et al.,
PHYSICAL REVIEW B 84,

53.2

53.0
(MHz)
150 e, 1
:“ * NaFeAs 1
— E = Na_ FeAs ]
N o 0.9
£100_— . + Na_FeAs
s [ ° ;
2 P
= 90 _A;A._. . ]
(C) o [ Awd23apzgzageqsqapugepey=
0 100 200 300
T (K)
054528 (2011)

They are isostructural!

Na vacancies in Na-deficient
samples are expected to
result in the local disorder
and thus broadened NMR
lines, which is in contrast to
the measured 23Na central
transition linewidth in the
temperature range 50 - 300K
— Na* migration??

Lineshape broadening is a
clear indication of SDW
transition.

Variation of SDW order
paramater with x.

Still single line so NO phase
segregation in this case.

[ ° ODSEK ZA FIZIKO TRDNE SNOVI
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Incommensurate SDW vs. other solutions

Commensurate SDW Commensurate SDW order INCOMMENSURATE
with large local amplitude SDW
. variations in the vicinity of .
) ® - the dopant Curro et al Bint - BO sin &
/? ] (2010). with o € [0, 2rt] and
B,=0.45T
- " ordering vector

(1/2- €0,1/2) fore > 0

Na1FeAs 75AS NMR

: ‘As ‘As
ISR
e, e

(I,Q‘Tmm IC SDW amplitude of
x=1  0.28u,

x=0.9  0.04y,

x=0.8  0.13y,

Intensity (arb. units)

Intensity (arb. units)

v-v_ (MHz)

gd° ODSEK ZA FIZIKO TRDNE SNOVI

o Institut “Jozef Stefan”, Ljubljana, Slovenija

NdOFeAs; P. Jegli¢, PRB 2009 [

Frequency ( MHz ) y




>As (I =3/2) NMR in Na, FeAs for T<T,,,: Nature of the order?

Na FeAs

Intensity (arb. units)

------ c-SDW
— dis-SDW
inc-SDW |

70K

Klanjsek et al.,
PHYSICAL REVIEW B 84, 054528 (2011)

Still no structural phase
transition, but some
distribution due to local
inhomogeneities

Structural phase with
low-temperature
tetragonal phase
between 60 K and T,

THE MAGNETIC ORDER
IS INCOMMENSURATE!!!

=
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LiFeAs — 7°As NMR

I T T I T ] ]
—~214F T T I(a b
3 214 (a) oK (b)
_[S210) _ee® 1
% ~720.8 N R B "(2 10K
5 0 100 200 300 5
S T | g e
3| s /\
> 20 K > 16K
‘O ‘n
o & 100 K
= =
200K A \
300 K ,/‘ \
2 1 0 1 2 1.0 15
v-v_(MHz) v-v_(MHz)

*Axially symetric tensor in agreement with the 7°As site symmetry
*Weakly temperature dependent v,

*No annomalies that would indicate SDW transition

*Below Tc =16 K (9 T) — wipeout effect => onset of SC

Jeglic¢ et al.,
PHYSICAL REVIEW B 81,
140511R (2010)

g
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Spin-lattice relaxation time

Institut "Jozef Stefan”, Ljubljana, Slovenija

Lets recall that e -112
—';:"':'—':'—_ —O0-O0—er
5 -«
cvmcrcrcr<_0_6_ ﬂhh_ — ' AR
OO —o-0-0-a- T
Z= 172
H, = He 2
thermal Resonance Relaxation
equilibriurm (absorption) {energy
siate M 550N
nomequilibrium to [athce _
Boltzmann state {electron system)
diistribution
-= thermal
equilibrium
cials

In order to calculate spin-lattice relaxation, we should look at the terms in the spin
Hamiltonian that produce transitions between energy levels => we need
transverse time-dependent magnetic field

H'= 7, 08, (0 =222 (1,68 (1) + 1.8, ()
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B e Spin-lattice relaxation time

Fermigoldenrule P, = 2% <b‘|-| "a>‘25(Ea — Eb)

2 n) . 2
Pt = 7”(7; j (m 11, m) |38 O 5(E, ~E, ~ho)

We next use the definition of Dirac’s delta function

5(EV. -E, —ha)) = % J.ei(Ev'*EV*hw)t/hdt

And plug it into the above expression

Pt = 7—22 (m+31[m) T<v“e‘EV't’héB+ (0)e ™" B_(O)|v )e " dt =

o J/

eiH‘,t/héBJr (O)gciHvt/hEa_%+ t)
2 (e8]
_ %ﬂu —m)(1 +m+1) [(dB, (1)3B_(0))e“dt

Spin-lattice relaxation time is then given by

1 P__.,+P

m—m+1 m+1—m

T, (1—m)(I +m+1)
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B e Spin-lattice relaxation time — some

simple considerations

Lets assume that the local magnetic field jumps between two sites with a typical
correlation time 1. Therefore, the probability for 6B to change is given by %2vot with v=1/1.

M l S(0t)S(0)=(1- ¥%vdt ) S? + Y4Vt (-S2)=S?(1- vot)

T
SN T

l S(NOSt)S(0)= S?(1- vot)N

4

<S(t)S(0)>= S2eVt = S2et/t

2

Tl ::—h? T<[5+(t),8_(0)]>cos wtdt 1 i

1/T, maximum when 2 F e a2 g T
o - S je cos(at)dt =S \/;—1”0272

BPP dependence - y
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B e Spin-lattice relaxation time

Lets now assume, that the fluctuation field comes from the electronic field through
the hyperfine coupling intercation

H'=1-a-S (t)=—y.Al -8B,

Expressing OB we finally get for T,

1
T, 2n°
After Fourier transformation

Sy = Z S.e77" Til _ %Zq: AA, B[sg(t), S, (0)]>cos ootdlt

Finally we fluctuation-dissipation theorem, which states

% T<[S‘; (1), S (0)]>COS otdt = 2hy", (0, ®)

(7eh)2 (1_ g halKT )

2

T<[S+ (t),S_(0) ]> oS witdt

[A,B]=(AB+BA)/2

To get T, in the high-T expansion

1 2y.kT 2" (0, )
E— n AA _
T, (7/eh)2 Zq': Aq h W 72
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e Spin-lattice relaxation in metals
The perturbing interaction is the s-contact 87 YA
interaction Hy :?gﬂBVh 1.5-0 (r)

Transitions from state |k T m> to |k 4 m+1>
where m is the initial nuclear quantum number

Zlet m+aH, k4 m)f 5(E,~E,)

Kdmiloktm —

We take Bloch WFs and calculate the corresponding matrix elements
2 | 4rx 2 i
Kk'T m+2H, |k 4 m>‘ = | = 771 QU (O)] | (1=m)(1 +m+1)

We make an approximation that all states in the vicinity of Fermi surface have
approximately the same probability density at the nucleus. Next we need to sum over
all k and k’ states then we can finaly write

1 4r|4r

T_l 7|:? ynyeh2<‘uk(0)‘ >:| gg(Ek o Ek)

73
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Spin-lattice relaxation in metals

It is important to bear in mind, that the sum over k,k’ is restricted to states fully occupied
at k and empty at k. The sum over k can be replaced by the integration over energy with
introducing the density of states n(E), i.e. Jn(E) dE. The occupation restriction is eforced
with the Fermi occupation function f(E)=[exp((E-E)/kT)+1] 1. The summation then
becomes

j dE j dE'n(E)n(E') f (E)1- f (E"))S(E-E')

T _
f(E)1- f(E")) =k,T aE_kBT(s(E E.)

\ 4

Ak, T[4 i
T (0, OF ) | (e < =270, (0);

Remember Knight shift:

!

1 4jz'kB Famous Korringa relation
The final result depends only on elementary

T TK 2 h7/2 constants and not on materials; this hold only for N
1 € simple metals, where correlations can be neglected
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Q0 ° °
°°° Institut "Jozef Stefan”, Ljubljana, Slovenija Korrlnga relatlon = examples
C NMR in K;C,
Yoshinari et al. (1993) 1 ~ = 47Zk25
B [ ]
g : L TTK? oy
5 F 270 K

In practice, simple Korringa relation is not
satisfied. Let’s check some simple alkali metals

metal K00 T (exp) 1T (cald) ratio

a4
T1 {87)
T

1f “Li 0.0263  45Ks 26 Ks 0.58
0 - 23Na 0.112 4.8 Ks 3.1 Ks 0.65

0 100 200 300 400 500
Temperature (K) ®3Cu 0.232 0.7 Ks 0.7 Ks 0.78

Various corrections can be made to Korringa relation. In principle electron-electron
interaction potential can enhance the spin susceptibility thus correcting K.R. in the right
way.
However, exchange fluctutations would also enhance spin-lattice relaxation. We will
come to this point latter, but for now we just introduce Korringa factor 3, which should
be <1 (AFM) fluctutaions, B>1 (FM) fluctuations 7Zk

1 47K, 3

TTK? 1y .
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R Korringa relation - corrections

Various corrections can be made to Korringa relation. In principle electron-electron
interaction potential can enhance the spin susceptibility thus correcting K.R. in the right
way.

However, exchange fluctutations would also enhance spin-lattice relaxation. We will

come to this point latter, but for now we just introduce Korringa factor 3, which should
be <1 (AFM) fluctutaions, B>1 (FM) fluctuations

Stoner enhancement factor

1 47K
2 2B p 1=~
T,TK hy, 1-a,

RPA (random phase approximation)

N %(q.0)
) = (@) 7(00)]
- 1
am .
) 1 5
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B et Spin-lattice relaxation time — some

simple considerations

To a reasonable appoximation we may try to write

7' (0.0)= 2005 = 2(@0) ™
e +a)n a)e
Then 1 _ Zj/r?kT ZAqA ) Z(q,O)
Tl (7/eh)2 q h Wy

Where w, =[2zk;2)2S(S+1)/3h2]1/2
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Example: YBa,Cu;0

7-y
Moriya expression CuO, layer with Cu?*
localized moments
1 2 ¥'(9, @)
—— o 2 |A@)
3 @, ®3Cu
A@) = .C, e (id ;) @
] :

170
@,

Millis, Monien and Pines assumed that the

spin dynamics is described by ‘ O
4
lim y"(q, ®) = 727(0—710) 1+ f c A: on-site coupling
@0 []_-|— (q — 0 arm )2252]2 B,C: transferred couplings
Mila & Rice,

] 1 1(1
63 — (A+ 48)7(5 Physica C 157, 561 (1990)
K =2Cy, Oarm = (f’%)

‘63A(q)‘ (A+2B[cosqa+cosgalf = ‘63A(qAFM)‘ (A—4BY
A@Q) =

‘NA(qAFM )‘ -0 Millis, Monien & Pines
PRB 42, 167 (1990)
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LiFeAs

Spin-lattice relaxation time — critical
fluctuations

Enhancement of 1/T, close to T,

1 2y2kT (4,0)
N ‘ = ZAqA—qZ—

— a ¢ Tl (7/eh)2 q W,

AF correlations G 0.05 Fr—————
12 K F T

30K

>

35K

40 K 93 ocT

|

(T,D* (7K

o
o
|_\
——r
9900
O

50K
55K

60 K

R N

70 K o o

75K

23 r
Na r
N — T 293K 5E-4 Lo

1E-3 |-

J, <2/, 525 530 535 6 10 100

)1, 057010 (2008) v [MHz] TIK]

400



Example: LiFeAs

Localized Fe?* spins Itinerant Fe 3d electrons
"K=4Cy, “K=cy,

2 2
7°A(Q)| =16C cos® % cos® %" A() =¢?

Supported by density-functional calculations:
- Katrin Koch & Helge Rosner, MPI-CPfS

- Calculated electric-field gradients correctly
reproduce the experimental values for both
>As and “Li sites.

Jeglic et al., ArXiv: 0912.0692
2
. X
0

_ q _

— ==

: Po D |A)
For noninteracting spins x'(q, a)n) q
can be taken out of the summation. In this limit we 2
16C* || dqg.d

can calculate £, and £, for the localized spins and — -U a4,
itinerant scenario. If c=4C = 16C2H dg,dq, cos® %% cos®

=4




Example: AFM fluctuations in LiFeAs

03L (a{) - "‘ﬂ_ ',30" o Korringa factor 3, measured for LiFeAs (green
: P A 7 circles) and SrFe,As, (red circles). Horizontal
S 0.2 _gue™ - B LiFeAs . dashed lines indicate expected S values for
]
v’ 0.1 |ggmnea®” 1 gL @ SrFeAs, noninteracting electrons.
00b - o .
o g.* If the transferred coupling is active, 1/T, T is
—~06-0) '3.. i i " . enhanced for a factor of 155!
04l Co x| |
e ]
<z 0.4 h fBnglEsTy 1 1 T afs
||:H0-2 B i I .__--' ] Jeglic et al.,
= ool | | - gmm®®  (C) ArXiv: 0912.0692
0 100 200 300 0 100 200 300
T (K) T (K)

How strong are AFM fluctuations in LiFeAs?

1. We cannot unambiguously discriminate between the on-site Fermi contact (itinerant) and
the transferred coupling mechanism (localized moment at the Fe sites).

2. Cross-terms between different bands in the LiFeAs multiband structure can modify Korringa
relation.
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©0® i -soer st Lt Soven Summary

NMR = local, real-space probe where the behaviour of nuclear spins can be monitored
on a site-to-site basis.

Observables:

- NMR spectrum

- Relaxation rates

Hyperfine interaction (Fermi contact, transferred hf, dipolar interaction)

Knight shift, shift in the superconducting state

Spin-lattice relaxation rate, Korringa relation

T1
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