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NMR, ESR, Mossbauer (USR)

(for solid- state physics @ magnetism)
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o All probes are resonant bulk, local probes: integrate over g, similar
formalism

o Difference through (i) the coupling to the environment
(i1) the time window, the field range

(ii1) sensitivity and pulsed versus continuum
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Zeeman, Rabi,
Nobel Physics 1902 Nobel Physics 1944

Nuclear spin 7\
Electronic spin - Ho

* Field induced splitting of the levels: transition v, ~ Hy + dH .4
« Back to equilibrium: relaxation time probes low frequency fluctuations




Hyperfine techniques: NMR, Mossbauer

The probe Hamiltonian is a weak perturbation of the
electronic system; acts like a spy. (SR also

)
ESR: acts on the electronic spin }\\ j
More involved treatment J

In practice
v Sweep the frequency at a fixed external field )
v Sweep the field at a constant frequency

Outline: Principles and selected examples

NMR, Mossbauer and ESR
Note: Highest similarity is between NMR and uSR, see D. Andreica

Many thanks to:
J. Bobroff (NMR, Orsay); P. Bonville (Mossbauer, CEA Saclay);
D. Arcon and A. Zorko (ESR, Ljubljana)
(Some slides also borrowed from Carretta, Murad, Takigawa)



Framework of the presentation

« Basics: energy levels, coupling Hamiltonian
* What do we look at ~ what we see in papers ?

* Selected examples



NMR: milestones (1)

\ \‘
Bloch & Purcell,

Nobel Physique 1952

3

Ernst, Wuthrich, Lauterbur & Mansfeld,
Nobel Chemistry 1991 Nobel Chemistry 2002 Nobel Medecine 2003



NMR: milestones (2)




NMR for chemistry
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NMR basic principles (1)

Nuclear spin | in a magnetic field H,
Zeeman effect : H=-u.Hy=-vyh H, |

y4

Energy levelsE=-myhH, , m=-l, -I+1 ... -1, |

-5/2
-3/2
AE =h v H, =hv

-1/2 o
1/2 X Need for r.f. field h,(v)
3/2 h,LH, T
5/2 H="-pn.(Hy + hy)

. =-yh (Ho I, +hy ) Vawr = v/27 Hg

ZFNMR: impossible...not common, also NQR



NMR basic principles (2)

Nuclear spin | in a magnetic field H, @ r.f. field h,

Zeeman effect : H=-u.Hy=-vyh Hy |

y4

Energy levelsE=-myhH, , m=-l, -1+1 ... I-1, |

|
|
I
-5/2 |
3/2 :
-1/2 R :
1/2 y AE =h Y Hlocal =hv :
|
/2 :
’ Spatially resolved T
>/2 magnetometer

Ve = ¥/ 21 (Hg + 0Hoca1)

ZFNMR: impossible...not common, also NQR



Which nuclei ?

Nuclear magnetic moment 1\_/E=yh_f

Common NMR Active Nuclel

Isotope Spin Obage
7 abundance

1/2 99.985
1 0.015
1/2 1.108
1 99.63
1/2 0.37
5/2 0.037
1/2 100
3/2 100
1/2 100

1 - 40 MHz / Tesla

Resonance are in the FM (radiofrequency) range!



Which nuclei ?
eNMR

NMR Periodic Table

|Period ‘
1 2
' | H He
) 3 4 5 6 7 8 9 10
Li | Be B |C|N|O | F |Ne
3 11 12 13 14 15 16 17 18
Na | Mg Al [ Si [ P | S [C ]| A
s 19 [20 [ [21 [22 [23 [24 [25 [26 [27 [28 [29 [30 [31 [32 [33 [34 [35 [36
K [ Ca S¢ | Ti |V |[Cr [Mn | Fe |[Co | Ni [Cu |Zn |Ga |Ge | As | Se | Br | Kr
5 37 38 [ [ 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y [Zr [Nb [Mo | Ic [Ru [Rh | Pd [Ag [Cd [ In | Sn | Sb | Te | I | Xe
6 55 56 j 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba Lu | Hf |[Ta | W [Re | Os | Ir | Pt [Au |Hg | TI [ Pb | Bi | Po | AL | Rn
7 87 88 ; 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 | 114 | 115 |116 | 117 | 118
Fr Ra Lr || Unq || Unp || Unh |[ Uns || Uno |[ Mt || Uun || Uuu |[ Uub || Uut || Uuq || Uup || Uuh || Uus || Uuo
|
*Lanthanides j 57 55 59 60 61 62 63 64 65 66 67 68 69 70
La | Cc | Pr [Nd |Pm |Sm | Eu [Gd [Tb | Dy |Ho | Er |Tm | Yb
o R R D S e R e R e R R

|Nuclear Spins Mﬁlﬁ@%l@

Many resident nuclei ... sensitivity, detection pbs...




NMR basics (3): the chemistry side

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

H ?{n—n'+?{n—€_%7fEFG

Hz =—~vh> I'Hy .

TQWQ
Hun =3 — (..:1+B C+D+E+F)

] |
i<k gk

Screening of H, by electrons
D
modification of orbitals by the applied field

Chemical shift ~ ppm - 1000 ppm

A very useful tool to determine the chemical bonding



NMR basics (3): the chemistry side

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

H @ @ H, o + Here

Hz =—~vh> I'Hy .

| hi~2
Hoen =Y (‘4+B+C+D+ +F)

) |
j<k gk

Indirect interaction between nuclear moments
(electrons)

Fine structure

A very useful tool to determine the chemical bonding



Chemical shift (ppm)

Gasoline Application | CH
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Figure 3: H-Tvpes Observed in a Gasoline 1 H NMRE Spectrum




NMR basics (4): the nuclear Hamiltonian for solids

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

H=Hz+H,.—, —I—@

Hz =—~vh> I'Hy .

hPA2
Hmm:§:1é(A+B+C+D+E+F)

j<k Jk

H'n,—e — _A)h Z I-,‘_A,’_LTS}‘._
1k

] _PQVzz (41 - Neoring | iy
}@““:zzuu[—n<“ﬁff”+1)%gUﬂ2+UJﬂ)

A very involved Hamiltonian...coupling to electronic moments
and surrounding charges



Nucleus - electron coupling

- = \[> -

~h ye7n|—|+h27e7{|—s—3 LTsT }hzyeyn%”f%é()

r°

Orbital effect Dipolar effect from
An unpaired spin




NMR basics (5): nucleus-electron coupling
(hyperfine interaction$

F =T 7e7n|—|+h2mn Ir—S—B(I ersr _ —h mn%ﬁ@(»)

/Yy T\

Orbital effect Spin-dipolar effect Contact contribution from an
from an unpaired spin s unpaired spin on a s orbital
/' >
V 7/ H L Y Hr?frb 7/ Hl‘?flp _I_L Hﬁ?ntact
2 27T 27T 27T

w*“—z L+ K.y + Kgip + Kognaer + K

dip contact core— polarization )

Gyromagnetic ratio: Orbital shift Spin shift
depends on the nucleus



NMR basics (5): nucleus-electron coupling

F. =-n’y.y, —+h2mn

/

(hyperfine interaction$

r3

N

Orbital effect Spin-dipolar effect
from an unpaired spin s

/

vi=L H, + L Ho

2

w*“—z 1+K! +K!

Gyromagnetic ratio:
depends on the nucleus

Ts_glirksr)

r°

—h° Y. 8?7[755(»)

Contact contribution from an
unpaired spin on a s orbital

27 27T

+K

dip

Orbital shift

contact

7/ dip 7/ contact
H hf + H hf
27




Orbital shift

1.
H = _h27/e_ Y nucleus T3

-
Orbital shift

« Filled shells

« Unpaired electrons

Main features
 T-independent
« Tensor: linear response in field, orientation dependent

Information
« Nature of orbitals (e.g. spin state for 3d elements)
« — Orbital susceptibility



Spin shift

|
b e
\ _
T Hloc_H0+aXIocH0
b

The spin shift yields the local susceptibility near the
nucleus: « atomic » resolved susceptibility susceptibility

Ahf I.s
spln Ahf Zelectron

nj/e

Knight shift = Spin shift for metals




Spin shift

—

H=A,Il.s

Spin shift
« Unpaired electrons

Main features
« T-dependent
* |sotropic coupling but susceptibility can be anisotropic

Information
* Measures the local susceptibility
« — histogram of local environments
« — site selective

Knight shift = Spin shift for metals



Spin shift

Line shift K:
Susceptibility Xfrustr

H = A;1I.
Kocx IIIII

Linewidth AH :
spatially inhomogeneous
susceptibility (dilution)

|||||||||




Electron-nucleus interaction

reference
VO='YHO/27C

I = l(lJF Kar + Kgip + K K

dip contact
27T

Gyromagnetic ratio Orbital or
chemical shift

core polarizatd)n)

Magnetic
(« Knight ») shifts »



nucleus-electron coupling: Y BaCuO




Spin shift

Kspin Yi€lds a histogram of y values, not a sum

One impurity in a Haldane chain, YBa,NiO; (5=1) with Zn impurities on Ni site

c o o Bm
> o o o
——

o
N

Intensité (unités arbitraires)

0.0
14580 14600 14620 14640 14660

v (kHz)
Tedoldi et al., PRL 99; Das et al.PRB 04

Spatially resolved probe of susceptibility y






Measurement of local susceptibility

B Nl ) Mol o Wl L WoW LWl oW <

doping

0,006
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0.004 S AN i N i = 'ilg ‘7‘!'\, S

0.002 —
VNV IL /AN S

0.000
-0.002
-0.004
-0.006

-0.008

Perturb to reveal: selectivity of the coupling in NMR



NMR basics (6): nucleus-charges coupling

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

H="Hz +Hnn + Mo

Hz =—~vh> I'Hy .

TQWQ
rH-n._.n . Z 21‘3' (."1 + B ‘|‘ C ‘|‘ D —|‘ E ‘|‘ F)
j<k

H'n,—e — _A,*h Z I'ifziiksk
ik

ik

’ ' E}zQ‘YZZ ‘ AW : : 1 i e i
Here =2 11— 1) (‘3(5)2 — 1T+ 1)+ S[(13)* + (I_)z])

i

A very involved Hamiltonian...quite rewarding



NMR basics (6): quadrupole interaction

If 1>1/2, nuclear spin | is sensitive to any Electric Field Gradient from
the lattice (non-sphericity of the nucleus)

+ +
+ +
1=1/2 | >1/2

Herc = ) - "(; " .)(3(122)2—1(1+1)+§(Ii)2+(fi)2])




NMR basics (6): quadrupole interaction
+

-@-

V(N =VO0)+ > x 8\/] 41 lej

_I_
/ i=3_directiorlsaxi 2 =3_directions ax OX; j r=0

cst 0 since center Quadrupole
of mass and term l
charge oy
coincides We express it in principal

axes where V is diagonal :

Quadrupolar moment of the nucleus eQ= —I(3z —r?) pd°R



NMR basics (6): quadrupole interaction
+

-@-

VIN=VO)+ Y 5Vj R 0“) )

1=3_ directions Xi r= 2i=3_directions 6Xiaxj

Ho = J‘pn(f)\/ (F)dF Wigner-Eckart theorem
e oN oV oV
oo OV OV 247y OV g1z
4121 -1) |\ ox° oy 0z

Quadrupolar moment of the nucleus eQ= %j-(3z2 —r?) pd°R



NMR basics (6): quadrupole interaction
+
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Quadrupole interaction: back to the spectrum

n=0, axial sym. - 15t order

SEW~ vo(3cos? 0 —1)[3m? — I(I + 1)]

VNMR =~ Va

Degeneracy of the transitions lifted b
uadrupolar effects

q
EFG
T \ HOA Ppal axis

VNMR = 'Y/ZTC HO _ VQ f(e)

| =3/2 T

21+1 levels VNMR = y/21t HO

Quadrupolar nuclei: lifting the multiplicity of transitions on single crystals



Spin-echo intensity (a.u.)

Cobaltates Na, (,C00,: charge segregation

T = 5K
f = 66.3 MHz
I Na,,.CoO,

565 586 587 585 589 |i|J=

y’j I\ * ref v“}j
E%%M Hllc l M
|/ Hle s PAL ey o
| Nal
I'J. "
o Na2b
l‘*-»_.._HLC "'f"\- a'ﬁ‘-.
o’ W
—— | ( Nat | T e
[ 1 NaZa [
l l Nazb I

570 575 5.80 5.85 5.90 5.95 6.00
H, (T)

y O
L]
O
® @
O o Co¥

« Spectra taken in two field directions on oriented powders

« Different charge environments

« Na* is driving the charge state and physical properties



Quadrupole interaction only: back to the spectrum

n=0, axial sym. - 15t order

SEMW~v,(3cos? 0 —1)[3m? — I(I + 1)]

VNMR >> VQ

Degeneracy of the transitions

w)d by quadrupolar effects

pr— —_— e

Qlw)

vwr = 7/21 Hy

| =3/2

21+1 levels

VNMR = y/ZTC HO

Quadrupolar nuclei: distribution of angles —» powder average



Averaging on angles: EFG, hyperfine tensor

The EFG and hyperfine tensors may not have the same principal
axis! One can manage, playing with isotopes, field ...

2mwré sin 648 P

Single crystals are best. Fitting routines for powders ...



Quadrupole interaction: NQR (6)
n=0, axial sym. - 15t order

7 -

H

SEW~v, /6[3m? — I(I + 1)]

Degeneracy of the transitions

wj by quadrupolar effects

m=+ 3/2

m=+1/2

| =3/2 T

\Y =V
2 levels NMR Q

Quadrupolar resonance: powders = single crystals



NQR of Cu in cuprates: 2 sites, 2 isotopes, | = 3/2




One example of a difficult spectrum

If 1>1/2, nuclear spin | is sensitive to any Electric Field Gradient from
the lattice

=
O

300 K

—n— 150 K %

- —u— 200 K |
—e— 250 K |
—<4— 300 K |

NMR Intensity (normalized)
o
ol

O
QO
N

6.6 68 6.60 6656  6.70
H (Tesla)



M.I.T., 2005 JACIS

COMMUNICATIONS

Published on Web 09/09/2005

A Structurally Perfect S = '/, Kagomé Antiferromagnet
Matthew P. Shores, Emily A. Nytko, Bart M. Bartlett, and Daniel G. Nocera*

Department of Chemistry, 6-335, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139-4307
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‘ \, L 1770 NMR
Herbertsmithite 0 0 200 300"
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T(K)

Cu2+ 5:1/2 A. Olariu et al., Phys. Rev. Lett (2008)



Magnetic ordering

- for a ferromagnet : « enhancement factor »: collective response from
electronic spins; associated with the existence of a magnetization

» very strong local fields : in the paramagnetic phase, need of a field H,
so that <S> #0; in an ordered phase H ~ A, (<5>, <S> 20

« ZERO FIELD NMR : if hyperfine field is strong enough, no need of an
applied field:

VOZAhf S




Magnetic ordering

S

Zero Field H,=0

A
T>T,
Null !

NMR under an applied fieldH,

A

Vo=Vo(1+K)

L T<T,




Intensity (arb. units)

Magnetic ordering: local field vs T, structure

pnictides BaFe,As,

Fe
:)|70 I 75KLO 1 1
260 [
Z 50 14 .
Z 40 141 K
E 30 | 12 + -
520 : Hlc
£ 10 _ U ) o Hllc 1+ .
. ; R
Ol‘b 10K HHC %0_3_ -
SN 06 L |
H | ¢
0.4 —_—
H 02 - -
ﬂ Hljaors 2K ﬂ e
. | : Wj\ s 0 | | | | I BIKL
0 20 40 60 80 100 120 140 160
4.5 5 5.5 6 6.5 7 7.5 8 8.5

o H (T) '
 His parallel to c
» Dipolar coupling

« Discussion of the magnetic structure

Kitagawa, Takigawa, JPSJ 08



Magnetic ordering: various types

o Field distribution gives information on the type of ordering

Antiferromagnetic ordering Spin density wave

eg: Na0.5Co02 eg: Cr: distributed field
Splitting of the lines

v (kHz)
78500 78750 79000 79250

T=80 K

o
»~

Echo lorbitrary scales)

—~~
(2]
=
c
=}
Pa)
e
[
S
x
o]
S
©
N—r
2
17}
c
[}
2
=

o
o

FIG. 74. NMR spectra for Cr-V alloys: (a) Spin echo of *'V in
magnetic field H at frequency 15 MHz and temperature in the
AF, phase of Cr,_,V, alloys (from Kontani et al., 1983); (b)




Ferromagnets

Cu/Co ferromagnetic

multilayers
Panissod et al., PRB 1992

Spin-Echo

Co surrounded by Co

Co-2 at. %Cu

S
VAR Co surrounded by Co and Cu

100 150 200 250
Frequency (MHz)

FIG. 1. ®Co NMR spectra of cobalt-copper alloys with 2, 6,
and 10 at. % of copper. The main line is attributed to Co with
12 Co nearest neighbors and each successive satellite to the suc-
cessive substitution of Cu for Co in the vicinity of Co.

DOMAIN WALL

Cr inside the domain

Cr in the domain wall

Fic. 1. Pl f the domai d domai 11 ®Cr NMR i

NArath) Phys Rev 1 965 ferr;(::nagneﬁ:%&; :.s a funcat]iznaclilf tempu:g—::. For :he doma;::
the central (% <> —4) transition frequency is
shown. The id lines are smooth fits to the data.




NMR in ferromagnetic multilayers

|
I
I
|
|
Co-Cu multilayers: I
L/

I
N
1
o
.P &
o il
Co resonance depends @ | Cotl0at%Cu : T
on local environment £ T -
o I I
=l .
- 12 Co = v
y : E Co-6 at.%Cu I -:I
* 11 Co, 1 Cu, intensity ~ c, g N T
« 10 Co, 2 Cu, intensity ~ c?, : : |
T
LR
Co-2 at. %Cu I ’r .
A B
Work from Panissod 100 150 200 250

Frequency (MHz)
Co/Cu mutilayers (1992)

FIG. 1. ¥Co NMR spectra of cobalt-copper alloys with 2, 6,
and 10 at. % of copper. The main line is attributed to Co with
12 Co nearest neighbors and each successive satellite to the suc-
cessive substitution of Cu for Co in the vicinity of Co.

Marginal as compared to the world of thin films



NMR in ferromagnetic multilayers

Multilayer cross section

TABLE I1I. Number of cobalt atoms in the interfaces of the
multilayers in units of full Co monolayers per interface (FML).

Sample Co in the interface (FML)

(15-A Co)/(15-A Cu) 1.7
(15-A Co)/(20-A Cu) 1.7
(60-A Co0)/(20-A Cu) 3.0
(60-A Co0)/(60-A Cu) 3.8
(60-A C0)/(90-A Cu) 3.5

Spin-Echo Intensity

Work from Panissod
Co/Cu mutilayers (1992)

[(15-A Co)/(20-A Cu)]30 .t

[(15-A Co)/(15-A cully, .

+

+
+

50 150 '

Frequency (MHz)

o '1!;0‘ o '260' '

250

FIG. 3. NMR spectra of the multilayers with 15-A cobalt
thickness. The main line is attributed to fcc Co and the satel-
lites to Co at the interfaces of the multilayers.

Marginal as compared to the world of thin films



Quantum dimers: model Hamiltonians

Magnetic Superstructure in the Two-Dimensional Quantum
Antiferromagnet SrCu;(BOs;),

T e B SN A 1] | I B
=
" 7 ;
c [ I I
-2 — I ‘ )
E . I " yi

| ﬂ t f\j I‘I' . ﬁ 2 III‘I

[ 1\ f&% : v ;rll

| . "‘\
. i O _a _—u/ A P fe § K
100 150 200 250 300 5\-3 6 . N
2
Frequency (MHz) ..? __________ Zo B:.f,. J

Grenoble High Magnetic Field e N %
Kodama, Science (2002)




Summary: observables

Static
« Orbital susceptibility
« Spatially resolved static susceptibility
« Inhomogeneities, distribution of local fields
* Charge effects
* Ordered phases (charge or magnetic order)

Techniques

* In applied field: NMR: easy for I=1/2 on powders
For I>1/2, quadrupolar effects, much better with single crystals

« Zero applied field: NQR (no probe of y), ZFNMR
~ single crystals
Dynamics <h*,(t) h'io.(0)>
« Magnetic correlations &(T)

« Excitations (gapped or not gapped) A
* Critical regime

Compare timescales of the probes vs coupling constant



What about an experiment?
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7 Why pulsed NMR? o

sin(zAt(v —v,))
aAt(v —vy)

f(v)="1,

At
A pulse has a spectral width in Fourier space.

Fourier transform yields the response of the sample in the
\frequency domain of the pulse.



Experimental set-ups

Field range: 1T-45T
T-range: 10 mK - 1000 K

Sensitivity: 1 mMole... depends on sensitivity
(few GPa),



Dynamics as probed by NMR: relaxation times

transverse relaxation: T, |dM,, -
Enegy is conserved dt =

Longitudinal relaxation : T; [dM, Miprim —M;

Energy exchange dt T Ty (
with the lattice -




Relaxation time T,

12 y7. Transition probability due to fluctuating local field
H'=- ynhil -Hyelt) = IS (74 - =
‘ w NI 0 (1 Hig (0 + I Hig o))

=172 N UT=2W I 1. HE=Hi+iH}

Local magne+tic fluctuations at o, (Fermi golden rule)

T1~ [ “<B)B(0)>expl-ia, t)i
1
BM)= . A(RIS(Y
coupled nuclei
Fourier transform Tl ~j_ OOZ A, (q)‘2 <s"(q,t)s (g,0) > exp(— o, t)dt
Fluctuation 4 ' B of _ )
—-ep——2)[ <87(a,087(-q0) >ep(-is, t)t = (,,)
Dissipation B
1 1 kT WACK2N
ho, << kT === 2 A(q) 2——"
° T, h’ (g:uB)Z ;‘ ‘ @,

.. 15 small = 0 as compared to neutrons, integrate over g



Relaxation time T,: electronic spins
1_1 "TZZW p2@@) A=Y Ar)e(-iax)

Tl hz (g:u n

A(q) form factor and favours some q.

/( 4 ol ~27,[1+%(cos(qxa)+COS(qyb))}

™~
K /o Cu favours g=0, ferromagnetic fluctuations
\QV O between Cu
— |2

‘A(q)‘ ~ [a +2 ,B(cos(qxa) + cos(qyb))]2

/( favours q=m,m,
- \ antiferromagnetic
/k fluctuations )
T Underdoped cup !ate

\L/ Takigawa et al., PRB (1991) ° R

(T, (sec 'K
o




Magnetic transition: divergence of T,

Slowing down of fluctuations
In a weak metallic antiferromagnet

T L AL I e e

1/Ty (sec™!)
T

0.1F

rrr IT

T N =41 EI{

1/T,=0.0727+0.78T/ \/ 1-(T/T\)*? -

(T<Ty)

4

(T}TN}

eAbove Ty : T, TK=cst
oAt T, : divergence of 1/T,

wall T S S

o
—

pasasl
10
T(K)

~ 100

Fig. 3. Temperature dependence of 1/7; of YAl at
H=12.1kOe and 2.9 kOe (H Lc) in the T-range of
1.5-300 K and 0.6-1.5 K, respectively. Solid line is a
calculation based on the SCR theory for weak itiner-

ant antiferromagnets.””

Kyogaku et al., JPSJ (1993)



T,: Gapped magnetic insulator - Haldane chain (5 = 1)

T — 10°
10° -
i 410
§ 107}
: < 10°
=
E o
= 107 |
- . 10'-'-'
o' L AgVP,S; |
F N EPEPE BT BRI B . 1D—1
0 005 .01 .015 .02 .025
1T (1/K)
Shimizu et al., PRB (1995)
1 A— Haldane gap

e T

T



T,: High-T regime for an insulator & exchange (J)

G(w) Frequency spectrum of local field fluctuations
[ e _ N It
G(w)= EJ‘m<{tha H (t)}> exp(lh)dt
1/z,
_2G(0)

~ .[: G(a))da) = 27Z'<H §f> X

7. : correlation time

It % >> @, and yH s,

1
L= R6lon)~ RG0)= w13,

1

C

|7/Nth‘

Iz,

motional narrowing

|;/Nth|: instantaneous Larmor frequency

ZIVNth|'




T,: High-T regime for an insulator & exchange (J)

= Q/NG((ON) VNG(O)“ 727/1%]<H13f>fc

}}‘!__’__J_!Q <th> R KAhS
1

~z J?S exchange frequency

Te

I o NET, (z :number of nearest neighbor

More accurate expression | | \/; A*JS(S +1)
Moriya 1956 T A A
(Moriya ) T 3 Az




T,: High-T regime for an insulator & exchange (J)

| 1 |
0.6 - ® -
ié 0.4 4 ] -
E 1 e '
02 4 .‘M..“—
0.0 !, —
1 10 100

T(K)

Frustrated 2DHAF S=1/2



Single molecule magnets

>
o —
: :
LLJ : S—1,M—0 -—:_2 .
. E
$=0p— S=0 o
}:a 1 .
o1
510
o!wm
w!l e
RS 0 Y
Sis <8=1, M= -1 o 2 4 6 8 10 12 14 16
e i z \3:3, M=-3 Magnetic Field [T]
'l =2, M = -2

Magnetic Field —

cross-relaxation effect between the nuclear Zeeman reservoir and the reservoir of the Zeeman levels
of the molecule. This effect provides a powerful tool to investigate quantum dynamical phenomena

M.-H. Julien, Phys. Rev. Lett. 83, 227 (1999)



Mossbauer spectroscopy

(Or nuclear y-ray spectrocopy)

1958: Discovery and interpretation
by Rudolf Mossbauer

1961: Nobel Prize

Born 1929

 Transition between nuclear levels
« Emitter (source) ® Absorber

- transmission geometry for bulk samples

- Surface studies: Conversion Electron Spectroscopy

Thanks to P. Bonville, CEA Saclay



Is nuclear y—ray spectrocopy possible ?

Conservation of energy and momentum

hV T — h/l“‘ |e>
.-T Eo
py = NVI/IC 0>

nucleus/atom
hv = E, + P2/2M,
hv/c =P

2
Recoil energy E; = P?2/2M, = 1 _Eg
2 MnC

M.c? ~ 100 GeV ; E, ~ 100 keV; E; ~ 1 meV

Care about recoil energy



Is nuclear y—ray spectrocopy possible ?

Energy conservation:
e emission: hv=E,-E;
e absorption: hv=E,+E,

if '<< Eg, no overlap

Optics /
ol | | D=300K |
o / ER (A=100)
0% | -
d — e _______.__8_.
B I' (=10 s)
10 [ 7
X rays v rays
d
/I | | |
1eV 1 keV 1 Mev

Impossible in free atoms / nuclei # Atomic spectroscopy

absorption
|

At temperature T:

moving emitter/abs

= Doppler broadening
D =2 kT Eg

for y rays: I' << Eg



Is nuclear y—ray spectrocopy possible ?

For y rays, I' << E; and D ~ E; = weak overlap

On cooling, not on heating (D T as T T), R.M. observes
an increase of the resonant absorption in "Ir ...

E,
2 M solid C2

Interpretation: nucleus bound in a solid = Eg =

= ERfree /NA <<I

N

(for rigid atomic bonds)



In practice

Lamb-Mossbauer factor: f(T) = |Jy(kxg) |2 = 1- V2 k?xy?

2 2
Ej < X° >4
h”c?

f(T) =1 — k¥<x?>; = exp(— )

= finite probability f(T) of nuclear resonant absorption
of a photon with no phonons absorbed or emitted allows
Mossbauer spectroscopy of hyperfine (electro-nuclear)
interactions (~10¢eV) if I' << o

radioactive source

continuous Doppler energy sweep
® =y (1+v/C)
g Vimax/C > Oy

= abs./em. energy spectrum

Recoilless is for source and absorber!



In practice

57~ -
Co

270 days\\ I=5 /2 57Fe

136 keV

9% 91%

| 1=3/2 1=3/2 °Fe
14.4 keV )
0.14 us
7 resonant absorption
NSNS NS\
14.4 keV
| _I=1/2 | =12

0 keV

wl ﬂ c 1 mm/s ~30 MHz

sample containing e
v o / |
"o ANNN— l ----- » | detector
0 source
) O] I

Vary the speed of the source ~ sweep the frequency (Doppler)



In practice

Mossbauer Active Elements

VIIIA

mA IvA VA viavia He
B|C|IN|O]|F|Ne

VIIIB 3
IIIB IVB VB VIB VIIB e, B IIB AllSi| P | S|l
Sc|Ti |V |Cr [Mn] Fe|Co|Ni|Cul|Zn|Ga|Ge|As| Se| Br

Y | Zr INb|Mo| Tc [Ru|Rh | Pd|Ag|Cd| In [Sn|Sb|Te| I
La|Hf| Ta] W|Re|Os| Ir | Pt |Au|Hg| T1|Pb| Bi|Po| At

Ac

Dy
Cf

46 elements, 89 isotopes, 104 Mossbauer transitions

~10 used in condensed matter!



In practice: °’Fe, no EFG, no field

-3/2
E, = 14.4 keV

.=3/2
b= 0.153 p,

|,=1/2 Am =0, +1




In practice: °’Fe, EFG, no field

+3/2  E,=14.4 keV
+1/2  1,=3/2
b= 0.153 p,

|,=1/2 Am =0, +1




In practice: °’Fe @ field (no EFG)

-3/2

E. = 14.4 keV
e Ie=--3{)2153
37 He™ Y Hn
1/2
1/2 ---- E
E, =
1,=1/2 Am =0, 1

Ho=0.0903 p,



In practice: °>’Fe @ field (no EFG)

-3/2
E, = 14.4 keV

.=3/2
b= 0.153 p,

1/2
3/2




In practice: °>’Fe @ field (no EFG)

iy

Bt et B+l — ot et




Static: Orbitals, surrounding charges, fields

O W N

Y

| |
. ad 1 e

Symmetric charge ~ Asymmetric charge  Symmetric or asymmetric charge
No magnetic field ~ No magnetic field  Magnetic field (internal or external)

Magnetic hyperfine fieldj

Quadrupole splitting

Isomer shift

>

V (mm/s)



Isomer shift @ local environment

uolssiwsuel] aAleey

Velocity (mm/s)



Isomer shift @ local environment

Use of MOssbauer spectroscopy as a
“fingerprinting” technique

Isomer  shifts and
guadrupole splittings of
Fe-bearing phases vary
systematically as a
function of Fe oxidation,
Fe spin states, and Fe
coordination.

Knowledge of the
MOssbauer parameters
can therefore be used
to  “fingerprint” an
unknown phase.

Quadrupole splitting  (mm/s)

4_

w
|

N

B

[5] FeS+

[4] F e3+

[
|

IFe(ll)

0.0

Isomer shift (mm/s)



Isomer shift @ local environment

Mdssbauer Spectrum of Adirondack Rock
(Sol 18, Gusev Crater, Mars)

e Mossbauer Data Probable Olivine Basalt
(R
Sum 0
Olivine Fe(2+) ¢
Magnetite tet.-Fe(3+) W

Magnetite oct.-Fe(2+),Fe(3+) 0

—— Pyroxene Fe(2+) Q *  Fe*/Fe. ~08
Fe(3+) Phase(s) . URsiEs

Relative Intensity

(Murad et al.) Velocity (mm/s)



Magnetic properties of Fe-pnictides

2 y ey
5 ¥ 1
o
& 51 o I 10 K|
I+ oA ]
g A
3 Ve %
=
EXN

5 TN ¥ ]
g [ [10K
s \ .
> R |
] b J vl
£ t

L [x=004 |
[ " ¥y
St N 7
g \ 3K
& i
> F |
2 \|
zl /
g v
0
=
b
g |
8 1/
= {
2 k]
g /
=t [x=010 ] v

4 3 2 1 (I) 1 2: 3 4

Velocity (mm/s)

(Klauss, Luetkens et al.)

180 F 1s
160 P
140 14
l_
g 120
g 43
2 100
E
m i EUJ
o 80 Uﬁ
E Moessbauer: 412 4
— 60 |-
@© | @ x=0.00 o x=0.00
S 4L ©° x=001  © x=001(10Konly)
— | e x=002 o x=0.02 (10K only) 11
20 @ x=0.04 o x=0.04
0 I " 1 L 1 " 1 L 1

N 1 L - Lh : Aol 0
0 20 40 60 80 100 120 140 160
Temperature (K)

Isomer shift typical of Fe(ll) low or
intermediate spin state

Small internal field

Fe2+ hyperfine coupling well known
Extraction of a small moment 0.25(5) pg:
first indication in favour of a commensurate
Spin Density Wave

Note: disorder fitted witn a double sextet



Magnetic properties of Fe-pnictides

Intensity (arb. units)

Intensity (arb. units)

Lu?

=

=1

> :‘
2 K;
QL

= x=0.05 :
’E =

=

b

g

I

2

2

Q

£

4 3 2 1 0 1 2: 3 4

Velocity (mm/s)

(Klauss, Luetkens et al.)

180 ' 45
160 F
140 1a
- I
e 120
g - =43
2 100 -
m - z
T 80 —
2 - Moessbauer: 2 4
= 60
© | @ x=0.00 © x=0.00
8 40 ® x=0.01 o x=0.01(10K only)
— | e x=002 o x=0.02 (10K only) 1
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.\I\.

NN superconductivity

Nominal F content x

0 . | L L
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Dynamics: Linewidth

« AEAt-~h
 Lifetime 1, linewidthT': AE=T ~ h/t
e 1~102-10"1s

W

W

Slow relaxation
R

A

vel mmisec

Note: effects are not the same on all lines: outer are more « protected »



« AEAt-~h

 Lifetime 1, linewidthT': AE=T ~ h/t

c T~107-

Intermediate
relaxation

Dynamics: Linewidth

10-1s

vel mm/sec




Example: Fe, molecular magnet

counts (arbitrary unit)

S=5
AF interactions
3 ineq sites, EFG =0

-12 -8 4 0 4 8 12
v (mm s-!)

Fig. 2. Mossbauer spectra of the Fe4 molecule at the temperatures of (starting from
the top) 1.38, 4.25, 12.5, 25.7, 45, 77 K.



Example: persistent fluctuations in frustrated
magnets

155Gd In GdsGasolz 99

100 FREBBXERpce
R

20 01

No magnetic order m
of Gd3* moments due to
geometrical frustration

P.Bonville et al oo |
PRL 92 (2004) 167202

99 -

0.01

99 [ b1 & i

Transmission

O e N 1 N 1 N 1 "
0 0.1 0.2 0.3 0.4 0.5
Temperature (K)

—4 -2 0 2 4
velocity (mm/s)



Example: phase transition in Yb,Ti,0-

Transmission

99r . TV I.036K
-2 -1 0 1 2
velocity (cm/s)

W7V

R

| Yb,Ti,0, ﬁ( .

00 01 02 03 04

Temperature (K)

170Yb

11.2 £
0
>
{08 =, 10000
=5 N
= I
104 § S 1000
Q
5 g
0.0 € c 100
1100 =
X = 10
= E
o L
150 & I
o
®
o E

= with equal
intensities

<+— Mossbauer lower limit?'

© Vy %
L 1 IIIIIII

.VH

1
Temperature (K)

10



NMR/Mossbauer: a comparative summary

Mossbauer

NMR

Which sample?

Needs a source

Many...needs time

Fluctuation rate

Few 10 GHz... MHz

100 MHz - fraction of

Hz

Location/coupling At. Site, hyperfine At. Site, hyperfine

0.1 T-10T/ g 0.1T-10T/ g
Observables Magnetic transitions Magnetic

susceptibilities
Temperature range 10mK - ... K 10 mK - 1000 K
Field range 0-(fewT) 1-45T
Intrinsic drawback Need a source r.f. field needed, field
needed

Tuning of the probe

Fast fluctuations 1/T, ~ A%t




ESR: principle

Angular momentum [~ — 1S = 1, = —yeh§

en
Magnetic moment g, =—+/S(S +1) = —/S(S +1) g,

e

Bohr magneton  , _ N _9974.10% AM2
2m,
Landé factor g=2(1+al2r+...)

Am.=+ 1 AE =g _H

. m=+1/2 (1/2)gBH
E Am=Lhv = g H

m=-1/2 (-1/2)gp H

—>

H




ESR and NMR comparison!

electron proton ratio
Rest mass m, =9.1094*10-%8 g m, =1.6726*102* g 5.446*104
Magnetic dipole Hs=-0e HeS Hs=-On UNS
moment .= 2.002322 gn= 5.5856

Us=ehldrmcc = un=ehldmyc = 1836.12

9.274*10%t erg/G 5.0504*10%4 erg/G

Frequency: Factor 1000 larger in EPR ! (GHz instead of MHz)
Factor 1 000 000 larger in EPR ! (MHz instead of Hz)

Relaxation Times: Factor 1000 000 smaller in EPR ! (ns instead of ms)
= much higher techniqual requirements, but unique sensitivity to molecular motion

Sensitivity : Factor 1 000 000 better than in NMR !! (1nM instead of 1mM )



ESR: in practice

~ 33 GHz / Tesla

e Traditional frequencies, v, used are microwave bands
originally developed for radar:
- X band; ~9-9.5 GHz, in most widespread use (A~3 cm).

K band; ~ 24 GHz (A~1 cm)

Q band; ~ 35 GHz (A~0.8 cm)

W band; ~ 95 GHz

e Traditional electromagnets with fields up to 3 Tesla.

- At g=2, about which most spectra are centered, X-band
setups have resonances at 3,000-3,500 Gauss.

o Cutting edge EPR is going to ever higher and ever lower v.




ESR apparatus

I
_m\
N

=




ESR apparatus

Use of a cavity (except at high frequencies)—> sweep the field



ESR detection

Modulation of magnetic field
Phase sensitive detection

Spectrum = derivative

Intensity by double integration ~ static susceptibility



Spin(s) Hamiltonian for EPR

H = HeZ T HZFS T Hee+ Hen T I_InZ

H,, = Electron Zeeman interaction: g tensor

H,-c = Zero-field splitting interaction: anisotropy, dipolar
H,. = Interactions between electron moments: exchange
H,, = Electron - nucleus interaction

Hy; = Nuclear zeeman interaction

Hilbert space of coupled electrons and nuclear spins has
a dimension n, = H(zsm +1)H(2|n +1)




e-Zeeman interaction

HEZ:/’lBé.g.§

« Effective » g
Crystal Field + Spin Orbit
Different hierarchy for 3d and 4f

3d: <L>=0 Crystal field dominates, Spin orbit = small corr.

H., +H =0.uB-(L+S)+AL-S=0,4,B-9-S+S.D.S

4f. use g, (free atom) instead of g (takes into account the spin orbit term)



e-Zeeman interaction
H., +Hs =0.uB-(L+S)+AL-S=0,4,B-9-S+S.D.S

g=0.(L+224) g=2.0023 H_, =u,B-g-S
D=72A )
g 0 0
L- L XX
Aij _ Z <WO‘ |‘l//n ><Wn j‘l//0> g = 0 gyy 0
n=0 Eo o En 0 0 g

hv = g,.11,B, BIix. * Cubic symmetry: g,,=g,, = g,,
hv = g,, 1B, Blly * Axial symmetry (trigonal, tetragonal,
hv = B, B//z.

V= OzzMe = hexagonal): g,,= g,, =g, and g,,= g

* Orthorhombic symmetry: g, g,, # g,,



g-tensor: axial case

E

-w&

B L7 (0= )

99



g-tensor: axial case, powder lineshape

S=1/2, 1=0, g,=9,<>g, Axially symmetric g-factor

B — N :hv[gﬁc30326?+gfsin2<9]‘1’2

r Ot g Mg

0 is the angle between a z-principal axis and the
magnetic field direction

The given solid angle £ is defined to be the ratio of the surface area S to the
total surface area on the sphere: 2=S/4nr?. dQ/Q=2r?*sinéd 64 nr>=sin6d 6/2

1
- f(B
f (B)dB o sin 416 (B B Tdcos ]

1, (gh cos® @+ g’ sin® 6)*?
hv (9: —g°)cos

f (B) oc Absorption

Hg 1
(B
B B (07 —97)c0s 0 -

9




Lineshape: g tensor

Absorption

Observed

O0y—=2-0907; 9,,=2.080;
0,,=2.230.

2800 3000 3200 3400

H{Gauss)—»

FIG. 5. Experimental (a) and best-fit (b) EPR first-deri € spec-
tra of a powder sample of Y;BaCuOs troomtmp rature. The
microwave frequency was 9.160 GHz.

g tensor < » spin orbit



Zero Field Splitting: single ion anisotropy

—_ —

_ N. All these terms resume in a
Hzrs = HgS 2 S quadratic form of S, S,, S,

X y’

H,- =D,S;+D,S; +D,S; =

1
_ D[Sf ~58( +1)}+ E(s?-5?2)

+1r |+1>
« S=1/2: no effect { lo

W/D
 5$>1/2: example, 5=1; i
E=0: 3 states, singlet(1) = 1>

and triplet (2)

(S > 2) H e =aZTFS[S;‘+Sj+SZ4—%S(S +1)(3S° ++3S —1)—|



Zero Field Splitting

+5r
|
+4F

!

+3-

+r |+1> | l

Or

lo>

WD

-2+

lg. BHID)

On a powder, broad line due to anisotropy



Zero Field Splitting

no zero-field splitting

$=%,

»
i
N\
| §
X
(7]
i)
X
(=]
1
=

I
+
—

with zero-field splitting

(=]

i
-

large zero-field splitting
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Hyperfine Splitting

He_n:ié.g

E=9gu;B, Mg + aMcm, Isotropic case

Mg=1/2 m=1/2

I m;=-1/2 S EImns cErns |

m=1/2 =

Zeeman only
Hyperfine interaction <



Hyperfine Splitting: example

Aiso(lsN)
4 »




Coupled spins: paramagnetic regime and
exchange narrowing

* A toy-model: 2 identical spins. Isotropic coupling ]§1§2
* Only transition between triplet states

+1/4 J

gHpS
) S=0 -3/4 J

- ——

—— —
I

- =

—

H
* More generally, the moment of order 2, M, is invariant

under isotropic coupling.
* M, increases with J. Exchange narrowing
« t~h/J, J>>dip, DM, ..|(#/r)| > ((Av?)} >fast random precess

Only anisotropic part contributes to M,- e.g. dipolar, DM



Coupled spins: paramagnetic regime
H=gugH-Y S, +3> S-S, + 9

Zeeman isotropic additional e.g. crystal field
energy eXChange interactions an|SOtr0p|C eXChange
dipole-dipole interaction
hyperfine interaction
strong isotropic coupling local inhomogeneous fields
— averages local fields similar to — local, static resonance shift
fast movements of the spins : :
coxch o of — inhomogenous broadening of the
— “exc ang_e narrowing® o ESR signal
the ESR signal
_ E : 2 : afqagp
ij ap

B giny _ L K Oup =301
Kijﬂ(d'p)ZE(gﬂs)zhz : ﬂr5 —
ij




Coupled spins: Kubo Tomita

3
AH = 27T /I\/IZzM2
\/gg,us M, J

Uncoupled spins
- V.
AHyr(T) :AHao AH,, ~ 2

x (1) ‘ J

< anisotropies completely contained in the second Moment M,:

((H,STI[H, S7]),

My =
o n2 (S+5-)

< remaining task: calculate the second moment for the
different contributions to the spin Hamiltonian, find the
dominating line-broadening mechanism (and check for the
anisotropy)



Ordered phases: FMR

Similar to NMR with S = total spin of ferromagnet.

Magnetic selection rule: A mg = £1.

Special features:
« Transverse X' & x "' very large ( M large).

« Shape effect prominent (demagnetization field large).

* Exchange narrowing
(dipolar contribution suppressed by strong exchange
coupling).

 Easily saturated (Spin waves excited before rotation of S ).



FMR: shape effects

Consider an ellipsoid sample of cubic ferromagnetic
insulator with principal axes aligned with the Cartesian

axes., |
eE’% =B"-N M B' = internal field .
0 — .
N. =8N BY = external f_|eld
S N = demagnetizat
Lorenz field = (4 1/ 3)M. tensor

Exchange field = A M ( don’t contribute to torque)

Bloch equations: W:;/MxB‘:ny(BO—N -M)
BO—802 d:j\'/tlxzy[Bo_F(Ny_Nz)Mo]My X y y4
M,=M, i M, M, M,
-N,M, -N,M, B,—N,M,
dty :_7/[ B0+(Nx NZ)MO]MX
UM e i y[BO+(Ny—NZ)MO] (MXO):O
< ko - [ By+(N, =N, )M, ] i M.y,
FMR @ =7°| By+(N, =N, )M, || By +(N,=N,)M, | uniform
frequency: mode

ion




447y, in units of 107

o} :7/2[ BO+(Ny—NZ)|v|O][ B, +(N, —N, )M, |

For a spherical N, =N, =N, — @, =7 B
sample,
For a plate L N,=N,=0, N,=4z7 — w, =y (B, —47M,)
B, .
For a plate // N,=N,=0, N, =4z — @y =7+ By +47M,
B .
10 T T T T
o B Shape-effect experiments
sl | determine y & hence g.
- _[Fe [Co INi
o i g 210 218 221
|- -
Al 53¢ i
oL B
21 g Polished sphere of
YIG at 3.33GHz &
1 7 300K for B, // [111]
0 11218 6 1 113?1,9.0 | llﬁlg.xi | 11.‘;9.8

Appfie{i magnetic field {in gauss)



FMR: anisotropy in thin films Fe/Ag

E=-M -H+21wM?cos* 8 — K cos’ 6 T T T T T T T T
~{AM/M?)-V°M, (1)

where H is the applied dc ficld, M the saturated
magnetization whose orientation is given by 8 =
(ﬁ,M). The first term represents the Zc¢eman
energy, the second the demagnetization energy,
the fourth one the non-uniform exchange energy
(with A the exchange stiffness constant). The

« single Fe lager {24 A)

-

>single Fe layer (48 A)

ut
[

~
!

Field for resonance HMeS | kle}

.l_
.

(0/7) o
— [H cos(8,— 8,) ~(4mM - Hy)cos?8,] |-

[ I R R B D A R A I A e

x| Hcos(0y— 60;) — (4wM — H, )cos 26, oo %N 000 30

angle 9,,(deg)

|
|
|
|
|
!
!
|
!
|
a | B
|
|
!
|
|
|
|
|
|
|
!
|
|

H. Hurdequint



FMR:

anisotropy in thin films Fe/Ag

BO 4B % 15
Eﬂ_ L 1 ]
e
-
g 15 !,l.'r”
— =
I.1u-' .-"r-;
= H,{:
st A
0 02 04 06
Ty (107A7)

K= ‘E:-.-ul + { IIIFEJEHS

(H. Hurdequint)



AF ordered phases: AFMR
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AF ordered phases: AFMR
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AFMR SIGNAL

T T T

FIG. 3.

2
x = (H-H)H /K?

0

The antiferromagnetic resonance line shape scales
with the inverse of the resonance field Hy. The scaling constant
K = 0.2 T is the spin-flop field reduced by coupling between
differently oriented domains. The impurity lines near x = (.5
are more visible at lower frequencies.

2 4 6

zation direction.

hard mode
i ‘<—easy mode (spin-flop)
25¢F
..... I:If"f”:“f’"...................
0 1 i 1 1
0 1 2 3 4 5 6

MAGNETIC FIELD (T)

FIG. 4. Resonance modes of a uniaxial antiferromagnet for
magnetic fields along and perpendicular to the easy magneti-
Only modes relevant to the experiment are
shown. At high frequencies, the linewidth of the AFMR of a
powder (heavy lines) is inversely proportional to the frequency.



ESR and NMR comparison!

electron proton ratio
Rest mass m, =9.1094*10-%8 g m, =1.6726*102* g 5.446*104
Magnetic dipole Hs=-0e HeS Hs=-On UNS
moment .= 2.002322 gn= 5.5856

Us=ehldrmcc = un=ehldmyc = 1836.12

9.274*10%t erg/G 5.0504*10%4 erg/G

Frequency: Factor 1000 larger in EPR ! (GHz instead of MHz)
Factor 1 000 000 larger in EPR ! (MHz instead of Hz)

Relaxation Times: Factor 1000 000 smaller in EPR ! (ns instead of ms)
= much higher techniqual requirements, but unique sensitivity to molecular motion

Sensitivity : Factor 1 000 000 better than in NMR !! (1nM instead of 1mM )
An ideal case, though

Very powerful, quite involved treatment, if detected:
single crystals needed @ other information @ modeling



FMR: Spin wave resonance
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For wave of n half-lengths:

w, :7/(80—47ZI\/I0)+D(
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Permalloy
(80Ni20Fe)
at 9GHz

Spin waves of odd number of half-
wavelenths can be excited in thin film by

uniform B
Condition for long wavelength SWR:

w, =y (B, —47zM, )+ Dk* D = exchange
constant
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AF ordereg phases: AFMR

Consider a uniaxial antiferromagnet with spins on 2 sublattices 1
& 2.
Le M,;=B,z B, = anistropy field derived U, =Ksin?§,

t from 0, = angle between M, & z-

A 2K .
MZZ_BAZ — BA:V M :‘Bl‘:‘Bz‘ axis.
Exchange fields: B, (ex)=-A M, B,(ex)=-AM, A>0
! For B.=
| I-I"El(ex}=—hi!\i2
J B,=—AM,+B, 2
)

B,=—AM,—B, 2

%
\‘Bgfe-‘i] = "'}'-M|
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AF ordered phases: AFMR

With M, =M =-M, the linearized Bloch equations
become:

oMM () ] S M (M B (M)(-aMy)
dg/:g =y[ M (=AM})-M(2M +B,) | d(':/'t’-‘y =y[ (-M)(=AM}) =M} (-AM - B,) |

—ioM; =i y| M; (AM +B,)+M; (AM) |

M =M +iM}oce™
~ioM; =iy| My (AM +B,)+M, (M) |

B,+B.)-w B M/
7/( A E) ¥V Pe ( ijzo B =AM  exchange field
7 Be 7/(BA+BE)+CO M,
Q)SZQ/ZBA(BA-FZBE) AFMR

frequency
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