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2.1 Magnetic Excitations
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Crystal Field
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Non spherical environment:  
 
 
       : Stevens operators (spherical 
harmonic decomposition of  the local 
charge density) 
       : crystal field parameters  
 
Local excitation : non dispersive 
(sometimes it may be trickier)
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Resonant Inelastic X-ray Scattering
dd excitations
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Crystal Field of  Ti (3d1) L3-edge (450eV) 

TiOCl 



Spin Wave - Magnon

105

Deviation from ground state 
Collective mode : S=1



Spin Wave - Magnon

105

Deviation from ground state 
Collective mode : S=1



Spin Wave - Magnon

105

Deviation from ground state 
Collective mode : S=1
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Collective mode : S=1



Spin Wave - Magnon
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Deviation from ground state 
Collective mode : S=1



Spin Wave - Magnon
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Deviation from ground state 
Collective mode : S=1
J-dependent dispersion  
     Ferromagnetic :  
 
     Antiferromagnetic :

FM

AFM

~! = 2JhSi(1� cos(qa))

~! = 2|J |hSi|sin(qa)|



(one, two or bi)magnons
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Single Magnon :  
delocalized Spin-Flip   �E = 2J �S = 1

�S = 2�E = 4J

�E = 2J �S = 2

Two Magnons :  
2 independent Spin-Flip delocalized  

Bi-magnon :  
2 neighbors Spin-Flip delocalized



Spinon
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Deconfined half-magnon  



Spinon
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Deconfined half-magnon  



Spinon
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Deconfined half-magnon  



Spinon
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Deconfined half-magnon  



Spinon
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Deconfined half-magnon  



Spinon
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Deconfined half-magnon  



Spinon
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Deconfined half-magnon  



Spinon
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Deconfined half-magnon  
S=1/2  
Collective mode 
Only at 1d : 
    d>1 : E~chain length

~! = �⇡

2
J |sin(qa)|

1 spinon dispersion:
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Spin-phonon coupling

J(x)
Emagnon = �

X

i,j

J0,ijh~Si
~Sji

Ephonon =
1

2
!2
0u

2

!0 = !0 +
@2Jij
@2u

h~Si
~Sji

J(u) = J0 +
1

2

@2Jij
@2u

h~Si
~Sjiu2J(x+u)

Possibility to lift degeneracy of  multiple mode (T —> E+A)

@2Jij
@2u

Coupling parameter         ~ meV

Mixed excitations



2.2 Inelastic Scattering
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Inelastic Neutron Scattering
Interaction neutron-magnetic moment

Magnetic interaction  
  
 
 
               : electron magnetic moment operator  
                  : neutron magnetic moment operator
~µe = 2µB

~S

~µn = ��µN~�

116

V(~r) = �~µn.
µ0

4⇡

✓
~rot

✓
~µe ^ ~r

r3

◆
� 2µB

~
~p ^ ~r

r3

◆
Spin contribution

Orbital 
contribution

V(~r) = �~µn. ~rot( ~rot

✓
µS
e + µL

e

r

◆
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Inelastic Neutron Scattering

Pair correlation function S(Q,ω)

Interaction neutron-magnetic moment
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Inelastic Neutron Scattering

Contribution from components perpendicular to Q

Interaction neutron-magnetic moment
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Inelastic Neutron Scattering

Elastic scattering

Interaction neutron-magnetic moment
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Inelastic Neutron Scattering

Inelastic scattering

Interaction neutron-magnetic moment
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Inelastic Neutron Scattering
Interaction neutron-magnetic moment

Magnetic form factor
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Inelastic Neutron Scattering
Interaction neutron-magnetic moment

Geometric factor
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Inelastic Neutron Scattering
Magnon in ferromagnet
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Inelastic Neutron Scattering
Magnon in ferromagnet
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Inelastic Neutron Scattering
Magnon in ferromagnet
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Inelastic Neutron Scattering
Crystal field

5

state |�0i of energy E�0 :

L��0 =
1

⇡

���0

�2
��0 + [~! � (E�0 � E�)]

2 , (5)

This function replaces the delta function in the energy
di↵erence between the two states in Eq. (3). As crys-
tal field states typically have little dispersion and long
lifetimes, the energy width of L��0 , ���0 , is usually de-
termined by the finite instrumental energy resolution of
the spectrometer. As a rule, the lower the incident en-
ergy, the better the resolution, which means the narrower
the relevant inelastic peak in the spectrum.

IV. INELASTIC NEUTRON SCATTERING AND

CRYSTAL FIELD CALCULATION RESULTS

FIG. 2. Color contour maps of energy vs |Q| from the inelastic
neutron scattering data for Tb2Ti2O7 and Tb2Sn2O7 at T =
1.5 K are shown. The top two plots show data at relatively
low energies taken with Ei = 11 meV neutrons. Well defined
transitions between the ground state crystal field doublet and
the lowest excited state crystal field doublet between 1-2 meV
as well as weak dispersion of this excitation, are observed
for both samples. The middle panels show data up to ⇠ 43
meV, using Ei = 45 meV neutrons. The bottom panels show
data taken to the highest energy transfers, employing Ei =
120 meV neutrons. All data sets shown are for T = 1.5 K.
An empty can background was subtracted and the data were
corrected for detector e�ciency.

We show in Fig. 2 the inelastic neutron scattering
data for Tb2Ti2O7 (left side) and Tb2Sn2O7 (right side)

taken on the SEQUOIA time-of-flight chopper spectrom-
eter at the SNS.60 Figures 2 (a), (b) and (c) show data for
Tb2Ti2O7 using (a) Ei = 11 meV, (b) Ei = 45 meV, and
(c) Ei = 120 meV, while Figs. 2 (d), (e) and (f) show the
same Ei = 11, 45, and 120 meV data sets, respectively,
for Tb2Sn2O7. As nearly identical amounts of the two
Tb2Ti2O7 and Tb2Sn2O7 powder samples were loaded
into identical sample cans in the same cryostat, a direct
comparison can be made between the two sets of data, all
taken at T = 1.5 K. These color contour maps show the
full energy vs |Q| data sets. Inspection of Fig. 2 shows a
large number of excitations which are mostly identified as
magnetic crystal field excitations, due to their weak dis-
persion and their |Q| independence. The top data sets,
in Fig. 2 (a) for Tb2Ti2O7 and Fig. 2 (d) for Tb2Sn2O7,
show the relatively low energy crystal field excitations be-
low ⇠ 8 meV, and show great similarity between the two
pyrochlores. The lowest lying crystal field excitations,
between 1 and 2 meV in energy, do exhibit weak disper-
sion in these T = 1.5 K data sets in both materials, as
was previously known.17–19 This dispersion disappears at
temperatures large compared to ⇥CW, and it is not ob-
served in our T = 30 K data sets. A simple random
phase approximation (RPA) calculation can explain this
disappearance of the dispersion for T > ⇥CW.63 Clear
di↵erences between Tb2Ti2O7 and Tb2Sn2O7 are evident
at intermediate energies, up to ⇠ 40 meV as seen in Fig.
2 (b) and (e), and these di↵erences persist to the highest
energies measured, ⇠ 90 meV, as shown in Figs. 2 (c)
and (f).

Consistent with previous measurements,17–19 we see
that the lowest energy crystal field excited states, at
the minimum of their dispersion, in either Tb2Ti2O7 or
Tb2Sn2O7 are at ⇠ 1 meV ⇠ 11 K, and therefore the
base temperature of T = 1.5 K assures us that we are
observing transitions out of the ground state only. As
the lowest lying excited crystal field states are confined
to energies less than 2 meV ⇠ 22 K, and the next high-
est energy crystal field states are at ⇠ 10 meV ⇠ 110 K,
our measurements at T = 30 K correspond almost solely
to the ground state and first excited state crystal field
excitations being populated. Thus at 30 K, we observe
transitions from both sets of these low lying crystal field
states, but not out of the excited levels at an energy > 10
meV.

In order to quantitatively analyze the neutron scat-
tering results shown in Fig. 2 in terms of appropriate
crystal field excitations discussed in Sec. III, we need to
extract line scans of intensity vs. energy for data sets
corresponding to each of the three Ei’s and for each of
Tb2Ti2O7 and Tb2Sn2O7. Doing so requires an integra-
tion of the data in Fig. 2 in |Q|, which depends on the en-
ergy range of interest. This is what is shown in Fig. 3 (a)
for Tb2Ti2O7 and in Fig. 3 (b) for Tb2Sn2O7. For both
materials, we employ an integration over 1 Å�1 < |Q| <
1.4 Å�1 for both Ei = 11 meV and 45 meV. The highest
energy crystal field excitations extend to higher energies
in Tb2Ti2O7 compared with Tb2Sn2O7 and consequently

P
R

B
 89, 134410 (2014)

Temperature dependence : 
thermodynamic 

(detailed balance factor)129

J. P
hys. C

 16, 841 (1983)

ErNiAl4

Dispersive Crystal Field 
excitations : entanglement of  
crystal field wave functions



Inelastic Neutron Scattering
Spinon
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P
R

L
 70, 4003 (1993)

Unbound pair excitation of  spinons
KCuF4



Inelastic Neutron Scattering
Magnon
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Inelastic Neutron Scattering
Difference phonon-magnon

132

Magnon 

Intensity decreases with Q 
(magnetic form factor) 

Appears in ordered phase 
T<TC 

Phonon 

Intensity proportional to Q2 

Always present



Inelastic Neutron Scattering
Polarized neutron diffraction
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Inelastic Neutron Scattering
Polarized neutron diffraction
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Inelastic Neutron Scattering
Polarized neutron diffraction

IzSF /
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Inelastic Neutron Scattering
Polarized neutron diffraction
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Inelastic Neutron Scattering
Polarized neutron diffraction
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Inelastic Neutron Scattering
Polarized neutron diffraction

IyNSF / N2 +
��� ~My

���
2

IzNSF / N2 +
��� ~Mz

���
2

IxNSF / N2

IxSF = IySF + IzSF

Sum rule
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Inelastic Neutron Scattering
Polarized neutron experimental setup

Bender : polarize the beam up
140



Inelastic Neutron Scattering
Polarized neutron experimental setup

Flipper : reverse the spin polarization
141



Inelastic Neutron Scattering
Polarized neutron experimental setup

Helmotz coils : manipulate spin orientation
142



Inelastic Neutron Scattering
Polarized neutron experimental setup

Heusler analyzer : select energy and polarization
143



Inelastic Neutron Scattering
Electromagnon

144

P
R

B
 79, 134409 (2009)YMnO3



Summary

Measure magnetic excitations dispersion (with restriction from kinematic limit) 

Intensity linearly proportional to the amplitude of  the ordered moment (and not 
quadratic as elastic scattering)) 

Polarized neutrons : separate phonons from magnons 

Mixes both orbital and spin contribution 

Requires relatively large samples (~mm3) 

Give access to : 
Exchange magnetic coupling 
Magnetic anisotropy (gap…) 
Crystal field

145

Inelastic Neutron Scattering



Raman Spectroscopy
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Single magnon excitation

Energy



Raman Spectroscopy
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Single magnon excitation

Energy

Dipole transition : 

Necessity of  Spin-Orbit Coupling 
 
Q=0

�L = 1
�S = 0

V = ~p.~✏

|φ>=Y1,-1|  > ± Y1,1|  >



Raman Spectroscopy
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Two magnon excitation

Energy
S=0  
 
Q=0



Raman Spectroscopy
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Single magnon excitation
P

R
B

 81, 024426 (2010)

NiF2

Magnetic anisotropy : gapped magnon at Q=0



Raman Spectroscopy
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Two magnon excitation

P
R

L
 116, 136401 (2016)Iridates



Raman Spectroscopy

156

Spin-phonon coupling

P
R

B
 86, 184410 (2012)

YbMnO3



Summary

Sensitive to magnon, bimagnon and Spin-Phonon coupling 
(and potential magnetic order signature) 

Requires relatively small samples (< 1 mm2) 

Give access to  
- Single, bimagnon or two-magnons excitations at Q=0  
- Singulet or Triplet excitations (but selection rule not 
understood) 
- Magnetic anisotropy 

157

Raman Spectroscopy



2.2 Absorption and Emission

X



X-ray Magnetic Circular Dichroism

X
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X-ray Circular Dichroism

V(~r) = qE

c
~r.~✏Dipolar interaction :  

 
Dipole Operator       with Racah’s tensor operators :  
 
                                                 : circular polarization  
 
                                         : linear polarization  
 
Selection rules :  
                                                           : Right Circular 
                                                           : Left Circular

~r.~✏

P±1 = rC±1 = r

r
4⇡

3
Y1,±1

P0 = rC0 = r

r
4⇡

3
Y1,0

�S = 0�L = ±1
�ml = +1
�ml = �1

X-ray Magnetic Circular Dichroism



2p1/2

2p3/2

Energy

EF

L2

L3

L2 L3-edge  M=0
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X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism



2p1/2

2p3/2

Energy

EF

L2

L3

L2 L3-edge  M=0
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X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism



2p1/2

2p3/2

Energy

EF

L2

L3

L2 L3-edge  M≠0
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X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism



2p1/2

2p3/2

Energy

EF

L2

L3

L2 L3-edge  M≠0

164

X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism



L =� nh
4

3

R
L2,L3

(µ+ � µ�)dER
L2,L3

(µ+ + µ�)dE

= �4

3
nh

q

t

S = �nh

6
R
L3
(µ+ � µ�)dE � 4

R
L2,L3

(µ+ � µ�)dER
L2,L3

(µ+ + µ�)dE

= �nh
6p� 4q

t

XMCD possible if  no overlap 2p3/2 2p1/2  
Tricky data analysis : normalization…

X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism
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Summary

Chemical/Element selectivity 

Sum rule : distinguish orbital and spin contribution 

Signal proportional to the magnetic moment along k of  the 
absorbing atom (ferro/ferri-magnetism) 

For anti-ferromagnetism, analog of  XMCD : XNLD

X-ray Magnetic Circular Dichroism
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X-ray Emission Spectroscopy

X
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Energy Energy

High Spin state Low Spin state

High and Low Spin states
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1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2

Energy

3d  EF

K

L1

L2
L3

M1

M2
M3

Coupling

Kβ1 : 3p3/2 —> 1s  
Kβ3 : 3p1/2 —> 1s

Coupling between unpaired 3d and 3p states  
 
Lift of  degeneracy : two final states for Kβ 

Sensitive to spin state : ratio Kβ1,3/Kβ’

Kβ1,3 : 3p —> 1s

High and Low Spin states
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X-ray Emission Spectroscopy
High-Spin — Low-Spin transition

FeSe



Summary

Chemical/Element selectivity 

Orbital selectivity (selection of  emission line) 

Signal proportional to the absolute value of  local magnetic 
moment of  absorbing atom (unpaired electrons) 

Local consideration : independent of  magnetic ordering
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X-ray Emission Spectroscopy
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Can RIXS be sensitive to (one, two, bi)magnon ?
Matrix elements  
 
 
    : Dipolar operator :           and

X

n

hdx2�y2,"|D|nihn|D|dx2�y2,#i

D �L = 1 �S = 0

Final state Initial state
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Can RIXS be sensitive to (one, two, bi)magnon ?
Matrix elements  
 
 
    : Dipolar operator :           and  

For K-edge : 1s hole L=0, L.S=0,  
 
 
 
 
 
No single magnon possible, only bimagnons

X

n

hdx2�y2,"|D|nihn|D|dx2�y2,#i

D �L = 1 �S = 0

|ni = | "i or | #i

hdx2�y2,"|D| "ih" |D|dx2�y2,#i+ hdx2�y2,"|D| #ih# |D|dx2�y2,#i

Final state Initial state

Nul matrix elements
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K-edge bimagnon in cuprate

1s

3d

Energy
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K-edge bimagnon in cuprate

1s

3d

Energy

4p

Space

P
R

L
 100, 097001 (2008)

La2CuO4

Cu K-edge bimagnon
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K-edge bimagnon in cuprate
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3d
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2p
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K-edge bimagnon in cuprate
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K-edge bimagnon in cuprate
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K-edge bimagnon in cuprate
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K-edge bimagnon in cuprate

1s

3d

Energy

Space

2p

P
R

B
 85, 214527 (2008)

O K-edge bimagnon

La2CuO4
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Can RIXS be sensitive to (one, two, bi)magnon ?
Matrix elements  
 
 
    : Dipolar operator :           and  

For L3-edge : 2p3/2 hole L=1, L.S≠0,  
 
 
 
 
 
Single magnon possible

X

n

hdx2�y2,"|D|nihn|D|dx2�y2,#i

D �L = 1 �S = 0

|ni =| "i
| "i+ | #i
| "i � | #i
| #i

hdx2�y2,"|D| "ih" |D|dx2�y2,#i+ hdx2�y2,"|D| " + #ih" + # |D|dx2�y2,#i
+hdx2�y2,"|D| " � #ih" � # |D|dx2�y2,#i+ hdx2�y2,"|D| #ih# |D|dx2�y2,#i



RIXS

180

L-edge magnon in Cuprates

D =
X

n

rSz
ne

i~kf .~Rnd†npn + rSz
ne

i~ki.~Rnp†ndn

Direct Spin-Flip impossible for Spin      for  
           Fondamental reason :              (dipole forbidden)

Emission Absorption

dx2�y2Sz

�z
L = 2

Flip the spin if  in xy plane

Polarization is important to determine if  matrix elements are 
zero or not (but hidden here)
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L-edge magnon
P

R
L

 104, 077002 (2010)

Cu L-edge magnon

Page 39 l Magnetic excitations by RIXS l M. Moretti Sala 

Example I: insulating and superconducting cuprates 

Magnons and bimagnons in Cu L3 edge RIXS  

La2CuO4
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Experimental Setup

ID32 @ESRF
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L-edge magnons and bimagnons
P

R
B

 108, 177003 (2012)

Page 53 l Magnetic excitations by RIXS l M. Moretti Sala 

Magnons and bimagnons in Ir L3 edge RIXS  

Example II: spin-orbit Mott-insulating iridates 

L3-edge Ir 5d5

Sr2IrO4
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Example II: spin-orbit Mott-insulating iridates 

Page 54 l Magnetic excitations by RIXS l M. Moretti Sala 

Example II: spin-orbit Mott-insulating iridates 
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L-edge magnons

P
R

B
 109, 157402 (2012)

L3-edge Ir

Sr3Ir2O7



Resonant Inelastic X-ray Scattering
2 spinons excitation

P
R

L
 107, 107402 (2017)
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Spin-Peierls : determination of  intra and inter-dimer J, J’  
Ti L3-edge (450eV) 

TiOCl 
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Summary

Chemical/Element selectivity 

Resolution limited (~35meV) 

Half  Brillouin Zone accessible (for low energy) 

Give access to :  
- two or bi - magnon if  no spin-orbit coupled intermediate state (K-edge)  
- (large) spin-gap  
- single magnon (+multiple magnon) if  spin-orbit coupling in the intermediate 
state (L, M-edge) 

Beyond this lecture : polarization, geometrical dependance (disentangle dd 
excitation and magnon…)
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