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Plan of the lectures

Lecture 1 
 
-  Generalities on SOI 
-  Techniques: XAS, PES, RIXS 
-  Polarized electrons: XMCD and SP-PES 
-  Exemples 

Lecture 2 
 
-  The Rashba effect 
-  From Rasba to TI’s 
-  SOI and RIXS 



General consideration

Without spin-orbit 
life would be  

easier… 



Spin-orbit: where from?

From Dirac to Schrödinger up to (v/c)2 
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Spin-orbit: hydrogen atom

A magnetic field appears in the electron’s rest frame: 
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Which entails the interaction term  
(Thomas’s precession yields the extra 1/2): 
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Spin-orbit: hydrogen(oid) atom (Z protons, 1 electron)

Without spin-orbit: 
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Textbook example: the 2p states of hydrogen
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Textbook example: the 2p states of hydrogen
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Preliminary considerations

The SOI couples the orientation of the magnetic moments  
to the crystal directions 
     à magnetic anisotropy, new quantum states… 
 
 
Moreover, e.m. waves interact with L, not with S. However 
SOI couples L and S, so that we can probe S with light! 
 
 

 à  Circular magnetic dichroism:  
           absorption (XMCD); photoemission (SP-PES)  
    à  Resonant inelastic x-ray scattering 
 



Spectroscopic probes

XAS-XMCD 

SP-ARPES 
RIXS 

ARPES 



PES – ARPES – SP-ARPES  

ARPES: 
k-resolution E

k
EF



The Mott polarimeter – spin-orbit, again !
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asymmetry A(θ) is defined by the differential scattering cross section for up and
down spin σ↑(θ), σ↓(θ)

AðhÞ # r"ðhÞ $ r#ðhÞ
r"ðhÞ þ r#ðhÞ

¼ PSðhÞ ð2:29Þ

As shown in Fig. 2.8b, σ(θ) andA(θ) depend on the scattering angle and they have a
maximum value at θ = 120° [17]. S(θ) also becomes the maximum at θ = 120°,
however the S(θ) value strongly depends on the incident electron energy and Z of the
target material (Fig. 2.8c, d). The absolute value of S(θ) becomes larger as Z becomes
larger and v becomes faster. Since the up spin is scattered toward the −θ side and the
down spin toward the +θ side, we need a pair electron detectorswhich are set to ±120°.

2.2.3 Mott Detector

A traditional Mott detector utilizes incident electron with high energy (~100 keV) to
enhance the scattering asymmetry. One needs a special attention to suppress the
discharge in high-voltage electrode for the Mott detector, thus the large-detector

Fig. 2.8 a Schematic view of electron spin scattering for heavy atom. b Cross section for gold as a
function of back scattering angle at 50 keV. c, d Energy and atomic-number dependence of the
Sherman function, respectively [17]

26 2 Basic Principle of Photoemission Spectroscopy …

S(
θ)

 



 

t2g  
eg 

XAS: unoccupied states 

TM 3d – O 2p hybrid states 

F.M.F. de Groot et al., PRB (1989) 

eg  

t2g  

Core hole and dipole selection rules 
(∆l=±1) select the final states 

The O K edge (1s à εp) 
of 3d TM oxides 



Beyond the single particle picture

 3d TM L2,3 edges: 3dN  à  2p53dN+1 

The XAS~DOS picture breaks down when the final states  
are strongly correlated: TM 3d states 

NiO 

The atomic-like multiplet structure is a 
fingerprint of the ground state configuration… 

EXCITED 
STATES 

GROUND STATE 

Total energy diagram 

(2p3/2 ) 

(2p1/2 ) ΔESO 

ΔESO(2p) large  
J is the good quantum number 

∆J=0,±1 (no 0à0) 



Photons do it all: resonant inelastic x-ray spectroscopy (RIXS)

Energy loss
(energy transfer)
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Example - Cu L3 RIXS: 3d9 à 2p53d10 à 3d9 



Spin-orbit: rare gases

Rare gases - np 

Semi-empirical:  
ζn,p=0.405 Z2.33/(En)1.5 

Ar 3p 

ΔESO 

Photoemission 



Solids: core levels - PES

∆2p~20 eV 

∆3s=0 

∆3p~2 eV 



Solids: core levels - PES

156 Core Level Spectroscopy of Solids
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FIGURE 5.11 Systematic variation of ∆, Udd, and Veff for (TM)2O3 systems with TM = Ti, 
V, Cr, Mn, and Fe. (From Uozumi, T., et al., J. Electron Spectrosc. Relat. Phenom., 83, 9, 
1997. With permission from Elsevier Ltd.)

FIGURE 5.10 Theoretical (solid curve) and experimental (circles) results of 2p XPS spectra 
for, from top to bottom, Ti2O3, Cr2O3, Mn2O3, and Fe2O3. (From Uozumi, T., et al., J. Electron 
Spectrosc. Relat. Phenom., 83, 9, 1997. With permission from Elsevier Ltd.)
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Early 3d TM oxides: 
 
TM 2p PES 

2p1/2 

2p3/2 

De Groot and Kontani (2008) 



2p3/2 2p1/2 

TM L2,3 XAS 

Solids: core levels - XAS

M23 (3pà3d) edges 

Ni metal 



Solids: valence bands - PES

3d 

4d 

5d 

Cu 

Ag 

Au 

Au – 5d3/2 Au – 5d5/2 

PES – noble metals 



Solids: valence bands - ARPES

F. Clerc et al., JPCM (2004) 

Spin–orbit splitting in the valence bands of 1T -TaS2 and 1T -TaSe2 3277
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Figure 5. The schematic band structure obtained from group theory (see text).

!, the representation !SG = !−
2 induces the representation of the double group !DG = !−

2 ,
and !SG = !−

3 induces!DG = !−
3 . As we introduce the spin, the eigenfunctions are no longer

linear combinations of only the px , py , pz orbitals, but the product of these orbitals with the
spin functions α and β. Thus we have to identify for which irreducible representation !S (S
for spin) of the considered double group the spin functions α and β form a basis. For the
double group of the k-point !, !S = !+

4 . Finally the irreducible representations of the double
group for which the eigenfunctions of the Hamiltonian H + HSOC form a basis result from the
reduction (if necessary) of the representation obtained by the direct product!DG ⊗!S . For the
k-point ! we get the following: !−

2 ⊗ !+
4 = !−

4 (2) and !−
3 ⊗ !+

4 = !−
5 (1) + !−

6 (1) + !−
4 (2).

These results show that the introduction of SOC doubles the degeneracy of the band !−
2

and splits the band !−
3 into two non-degenerate and one doubly degenerate bands. However,

this last result seems to be in contradiction with the Kramer degeneracy (each level of a system
containing time reversal symmetry and inversion symmetry is at least doubly degenerate [8]).
But in fact the two representations !−

5 and !−
6 correspond to the same energy. Hence !−

3
splits into two doubly degenerate bands. We again use the compatibility rule to show how
the degeneracy evolves when moving from ! to $ or %. Along $, SOC simply doubles the
degeneracy of the three distinct bands, and along %, the behaviour is similar to that at !. To
summarize, the most important effect of SOC is the splitting at ! and % of the level !−

3 into
two bands (!−

5 , !−
6 ) and !−

4 . The origin of this SO splitting is even more clearly illustrated by
calculating, using the projection method, the basis functions of these representations obtained
from the six p orbitals (taking into account spin) and changing the basis in the more adapted
J MJ basis (total angular momentum, projection of this angular momentum). This shows that
the basis functions of !−

5 +!−
6 are pure J = 3/2 states, whereas the basis functions of !−

4 are
a mixing of J = 1/2 and 3/2 states.

4. Conclusion

Our ARPES measurements exhibit a splitting of the chalcogen p-derived valence bands along
the high symmetry directions A–!–M in 1T -TaS2 and 1T -TaSe2. Based on density functional
theory calculations, we attribute this splitting to the symmetry along !–M and to the SO
interaction along!–A. The introduction of SOC has a considerable effect on the band structure;
in particular, it splits the degenerate bands along the k⊥ direction (!–A) of the S–Se p-derived
bands, the splitting along !–M being already reproduced by a non-relativistic calculation. For

2 

4 
2 

2 

1+1 

TaS2 

TaSe2 

Spin–orbit splitting in the valence bands of 1T -TaS2 and 1T -TaSe2 3275

Figure 4. (a)–(d) Calculated band structures. In the calculations with SOC (c) and (d) the regions
corresponding to figures 3(a) and (b) are shaded in grey.

For quantitative information, as shown for the study of SOC in semiconductors [1], the
atomic splitting is a good indicator for the magnitude of the SO splitting in valence bands.
The atomic splitting of the 3p level in S is 95 meV [21]. This value is of the same order as the
magnitude measured for the S 3p-derived valence band, which confirms the isolated character
of the S atoms in 1T -TaS2. The splitting of the 4p level in Se is 418 meV [21], approximately
twice as large as the measured SO splitting. This reduction of the splitting in the Se 4p valence
band may be a consequence of the mixing with the Ta 5d bands, where the electrons not only
feel the Se nuclei but are also influenced by the Ta nuclei. A similar anomaly in SO splitting
has already been seen in semiconductors [22].

Therefore, the comparison between band structure calculation and ARPES measurements
immediately suggests that the splitting along !–M is the result of symmetry, whereas the SO
interaction causes the splitting along !–A. The major difference between the two compounds
lies in the interaction of the chalcogen atoms with the Ta. Whereas we can neglect this
interaction for 1T -TaS2, there is a strong mixing between Ta 5d-derived bands and Se 4p-
derived bands. This can explain in part the relatively weak splitting found in TaSe2. The
discrepancy between calculation and measurements for the magnitude of the Se 4p-derived
band splitting can be explained by the introduction of SOC as a perturbative calculation in the
Wien code.

Now we will show that the same conclusions about the origin of these splittings can be
obtained with only a few considerations using group theory. Group theory gives us tools to
deduce some of the properties of the energy levels of electrons in the crystal without solving
the corresponding Schrödinger equation. To understand how the symmetry properties of a

TaS2 TaSe2 



The Fano effect: polarized electrons from unpolarized atoms

photon angular momentum à dipole selection rules  
à electron orbital momentum à spin-orbit interaction à electron spin  

No SO à no spin-flip!! 

Example: 
an alkali  
metal: 

ns à εp 
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Kessler(1985) 

Cs 
Angle-integrated: 

j=1/2; mj=±1/2  

λ

Circular polarization 

mj -3/2 -1/2 1/2 3/2 

σ+  à Δmj=+1  



Exploiting the spin polarization: circular dichroism in XAS/PES

Goal(s): to determine separately the spin- and orbital  
moments (and the expectation values of other observables) 

XAS: Transitions into low-lying (localized) correlated  
final states, polarized by an external field or because of 
magnetic order  
-   The Pauli principle enforces spin anisotropy 

PES: Transitions to free-electron final states, weakly 
correlated and non-polarized 
-  No need for macroscopic magnetization 
-  typically needs spin detection 



Dichroism in XAS
390 9 Interactions of Polarized Photons with Matter

d

N

p
p

k

P

-

Fig. 9.12. The XMCD effect illustrated for the L-edge absorption in Fe metal. The
shown density of spin-up and spin-down states closely resembles that calculated for
Fe metal (compare Fig. 12.1). The experimental data on the right are from Chen
et al. [96] and have been corrected to correspond to 100% circular polarization. We
show the case of circularly polarized X-rays with positive angular momentum (he-
licity), and the color coded spectra correspond to the shown sample magnetization
directions

polarized X-rays and parallel alignment of the photon spin and the magne-
tization. The dichroism effect is seen to be very large. If the photon spin is
aligned perpendicular to the magnetization the cases of perpendicular “up”
and “down” magnetization directions cannot be distinguished.

Denoting the magnetization M and photon angular momentum Lph di-
rections by arrows, the dichroism effect is only dependent on the relative
alignment of the two arrows. The convention adopted by the XMCD com-
munity is to plot the dichroism intensity of the 3d transition metals Fe, Co,
and Ni so that the L3 dichroism is negative (also see Fig. 10.12). According
to Fig. 9.12 this corresponds to the definition,

∆I = I↑↓ − I↑↑. (9.93)

Note that the minority electron spin direction (= majority hole spin direction)
is the same as that of the sample magnetization. The importance of the so
defined XMCD intensity can be expressed as follows.

The XMCD difference intensity, defined as the white-line intensity differ-
ence between antiparallel and parallel orientations of the sample magneti-
zation and the incident photon spin is directly proportional to the atomic
magnetic moment.

The absorption depends on the 
photon polarization  

and on the  
spin orientation 

An atomic model 
Stöhr and Siegmann 

Simple case: fully 
polarized 3d band 



XMCD sum rules: quantitative determination of morb e mspin

∆I=I↓↑-I↑↑ 

Orbital occupation Spin moment Orbital moment 

∆I ∆I 



Photoemission – Polarization and spin detection

Thole and van der Laan (1991) 



CuII , Cu 2p 
Pol. 

spin 
detection 

moment FUNDAMENTAL SPECTRA 

I 11 = I1↑ + I−1↓ − (I1↓ + I−1↑ )
1 

1 0 
photon valence electrons 

photoelectron 

Integrated 

Core level photoemission

J=3/2 J=1/2 

  ≈ 〈 Lz Sz 〉 = 0

(closed shell) 



Valence band: Integrated spin-orbit spectrum

ing! for the sum spectrum as depicted by the dashed line in
panel "a!. No background subtraction is necessary for the
difference spectrum as it goes to zero around 14-eV binding
energy. In case of strong integrated polarization of the spec-
tra it would be necessary to correct the difference spectrum
as well, to eliminate the contribution coming from the polar-
ized secondary electrons. The error bar shown at 16-eV bind-
ing energy in panel "c! is estimated from the statistics given
by the total number of counts before the background subtrac-
tion.
Before going into the quantitative use of #CoO , it is worth

comparing the CoO spectra with the corresponding data on
metallic polycrystalline Cu. As Cu has here a nominally full
3d shell we expect a null result (#Cu!0). The experimental
data are shown in Fig. 2, following a similar convention as in
Fig. 1. As shown in panel "c! #Cu!0.002"0.003. This ratio
is essentially zero within the very small statistical error, con-
firming the theoretical framework and proving that the ex-
periment has been set up correctly and that the results for
CoO are reliable as well.
Visibly the spectral shape is different for the two samples.

The sum spectrum is much more extended in energy for
CoO, not only due to the oxygen 2p contribution, but mainly
because of the many-body effects. In CoO electron correla-

tion has a major influence on the electronic properties, and
the 3d-3d interaction contributes to the energy spread out of
the multiplet terms in the photoemission final state. More
importantly for our purposes, for Cu we can clearly see the
spin-orbit split 3d subbands. In panel "a! of Fig. 2 we show
the two spectra Ipar "dotted dash-line! and Iapar "dotted line!.
The two vertical bars indicate the center of the two peaks as
taken at their half maximum. This is a rough way of com-
paring the peak positions, and thus of getting an estimate of
the spin-orbit energy splitting in Cu. In good agreement with
the relativistic band-structure calculations of Ref. 19 we find
$ESO!280 meV. On the contrary it is impossible to see any
spin-orbit splitting in CoO: the Coulomb interaction is much
stronger than the spin-orbit one, as expected in a prototypical
strongly correlated system, and the spin-orbit splitting is
washed out by the multiplet splitting. It must be noticed that
the method used here to derive the 3d spin-orbit splitting of
Cu may not directly apply to other metallic 3d transition
metals. In fact in the case of an incomplete subshell the
angular part of the spin-orbit interaction may affect the shape
of the photoemission spectra.
In view of using CoO results to get the Co 3d magnetic

moments, we notice that the contribution of the O 2p states
to the integrated intensity of the difference spectrum is com-
pletely negligible, since the O 2p shell is essentially com-
plete. Moreover, it has a much smaller spin-orbit coupling
strength than the Co 3d shell. On the other hand, the contri-
bution to the integrated intensity of the sum spectrum is
small but not negligible. By using MgO as a reference

FIG. 1. Spin-polarized photoemission spectrum of CoO mea-
sured with circularly polarized light (h%!600 eV). The thick solid
line in panel "a! shows the sum of two spectra, one taken with
parallel and the other with antiparallel alignment of photon angular
momentum and electron spin. The dots in panel "b! depict the dif-
ference between the two spectra "spin-orbit spectrum!, with the
solid line "5 point average! as a guide to the eye. The small circles
in panel "c! give the ratio between the integrated difference and the
integrated sum spectrum, where the integration is carried out from
the Fermi level (EF) to higher binding energies, after removing a
background from the sum spectrum &dashed line in panel "a!'. The
statistical error in the ratio at convergence is also shown.

FIG. 2. Spin polarized photoemission spectrum of Cu measured
with circularly polarized light (h%!600 eV). See Fig. 1 for de-
tails. In panel "a! the parallel and antiparallel spectra are shown
with dash-dotted and dotted lines, respectively. The vertical bars
indicate the center at half maximum of the two peaks: their energy
separation is around 280 meV.
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075101-4

ing! for the sum spectrum as depicted by the dashed line in
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energy. In case of strong integrated polarization of the spec-
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ized secondary electrons. The error bar shown at 16-eV bind-
ing energy in panel "c! is estimated from the statistics given
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the multiplet terms in the photoemission final state. More
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spin-orbit split 3d subbands. In panel "a! of Fig. 2 we show
the two spectra Ipar "dotted dash-line! and Iapar "dotted line!.
The two vertical bars indicate the center of the two peaks as
taken at their half maximum. This is a rough way of com-
paring the peak positions, and thus of getting an estimate of
the spin-orbit energy splitting in Cu. In good agreement with
the relativistic band-structure calculations of Ref. 19 we find
$ESO!280 meV. On the contrary it is impossible to see any
spin-orbit splitting in CoO: the Coulomb interaction is much
stronger than the spin-orbit one, as expected in a prototypical
strongly correlated system, and the spin-orbit splitting is
washed out by the multiplet splitting. It must be noticed that
the method used here to derive the 3d spin-orbit splitting of
Cu may not directly apply to other metallic 3d transition
metals. In fact in the case of an incomplete subshell the
angular part of the spin-orbit interaction may affect the shape
of the photoemission spectra.
In view of using CoO results to get the Co 3d magnetic

moments, we notice that the contribution of the O 2p states
to the integrated intensity of the difference spectrum is com-
pletely negligible, since the O 2p shell is essentially com-
plete. Moreover, it has a much smaller spin-orbit coupling
strength than the Co 3d shell. On the other hand, the contri-
bution to the integrated intensity of the sum spectrum is
small but not negligible. By using MgO as a reference

FIG. 1. Spin-polarized photoemission spectrum of CoO mea-
sured with circularly polarized light (h%!600 eV). The thick solid
line in panel "a! shows the sum of two spectra, one taken with
parallel and the other with antiparallel alignment of photon angular
momentum and electron spin. The dots in panel "b! depict the dif-
ference between the two spectra "spin-orbit spectrum!, with the
solid line "5 point average! as a guide to the eye. The small circles
in panel "c! give the ratio between the integrated difference and the
integrated sum spectrum, where the integration is carried out from
the Fermi level (EF) to higher binding energies, after removing a
background from the sum spectrum &dashed line in panel "a!'. The
statistical error in the ratio at convergence is also shown.

FIG. 2. Spin polarized photoemission spectrum of Cu measured
with circularly polarized light (h%!600 eV). See Fig. 1 for de-
tails. In panel "a! the parallel and antiparallel spectra are shown
with dash-dotted and dotted lines, respectively. The vertical bars
indicate the center at half maximum of the two peaks: their energy
separation is around 280 meV.
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lzi szii∑ = −0.33± 0.04 !2

sample to get the oxygen !(2s)/!(2p) intensity ratio with
600-eV photons, and by measuring on a same CoO spectrum
the O 2s and the valence-band regions, we have estimated
that the O 2p contribute about 15% to the integrated CoO
valence-band spectrum. By subtracting this out, we arrive at
"Co!"CoO/0.85!0.053"0.006, at 390 K.
For a photoemission process from a 3d shell, like in CoO,

we have to consider transitions to both # f - and #p-like final
states. At 600 eV the d→p transitions contribute only 4%
$Ref. 46%, meaning that the transitions are predominantly of
3d→# f character and we will neglect the other contributions
in the following. So A0 /A1!#3 for d→ f $see Table I%.24
Moreover &!60°, giving U(&)! 7

8 and 'n(!7.1
(3d-occupation number% for CoO.46 Using eventually Eq. $4%
we obtain for Co in CoO that the observed Co spin polariza-
tion corresponds to ') ilz,isz,i(!#0.33"0.04 $in units of
*2). This is a very large number, indicating the importance
of the spin-orbit interaction, and thus also confirming the
basic assumption of the various models34–36 explaining the
unique magnetic and lattice structure of CoO.
In the following section we exploit the experimentally

determined quantity ') ilz,isz,i(!#0.33 in order to get an
estimate of the orbital moment 'Lz(. This derivation is made
by performing the same data analysis on the experimental
spectra and on calculated spectra. The theoretical spectra,
obtained within cluster model, are optimized to reproduce
the integral quantity "Co . The calculation parameters deter-
mined in this way lead univocally to the value of 'Lz( $see
Sec. IV%.

IV. CLUSTER MODEL CALCULATIONS ON CoO

In order to extract further numbers as far as local proper-
ties are concerned, we have performed model calculations
using a CoO6 cluster in Oh symmetry.46 Here the hybridiza-
tion between the Co 3d and the O 2p orbitals is included, as
well as the hybridization among the O 2p orbitals at neigh-
boring O sites and the effect of the temperature on the popu-
lation of the lowest energy states. We have incorporated the
full atomic multiplet theory for the Co 3d , in order to ac-
count for the orbital and spin dependent on-site Coulomb and
exchange interactions. We have used the parameters previ-
ously determined from various spectroscopic measurements
and almost identical to those of Ref. 46: +!6.5 eV, Udd
!6.5 eV, V(Eg)!2.0 eV, 10Dq!0.5 eV, Tpp!0.7 eV,
Slater integrals rescaled to 80% of their Hartree-Fock values.
The resulting weights of the 3d configurations are: 0.869,
0.128, 0.003 for 3d7, 3d8, 3d9, respectively. In such a way
we were able to reproduce the experimental value at T
!390 K: "Co!0.049. The theoretical spectra shown in Fig.
3 were calculated for the paramagnetic case at 390 K and
give only the Co spectral contribution, neglecting the O 2p .
The calculation was not optimized to reproduce the spectral
distribution accurately, but only the value of "Co . The sec-
ond task is clearly simpler, but sufficient for determining the
ground-state properties of CoO. This is the reason why we
do not try here to compare the spectral shapes of the mea-
sured and calculated sum spectra.
By keeping the same parameters and introducing $in a

mean-field approximation% a molecular $magnetic% field of 37
meV, we have calculated the 0 K antiferromagnetic case. The
value of "Co becomes 0.062 $always assuming a random
orientation of the atomic magnetic moments%. It is then pos-
sible to get from the calculations the orbital to spin magnetic
moments: 'Lz(/2'Sz(!0.57 at 0 K. By combining this value
with the known33 total magnetic moment of 3.98 ,B we can
easily derive 'Lz(!1.36* and 2'Sz(!2.62* at 0 K. Despite
the absence of a collective magnetic order the atomic mo-
ments are nonzero also at 390 K. In this case the cluster
calculation give 'Lz(/2'Sz(!0.38. The total magnetic mo-
ment is unknown at 390 K, so we cannot calculate its two
components.

V. CONCLUSIONS

We have shown how the integrated spin polarization of
the valence-band photoemission spectrum can be actually re-
lated to the expectation value of a spin-orbit operator in the
initial state. For systems with suppressed charge fluctuations,
such as magnetic insulators, we have shown that the ratio
between the orbital and spin contribution to the total mag-
netic moment can be accurately deduced with the help of
cluster calculations. The sensitivity to the orientation of the
magnetization in the ordered case can be useful in the study
of the magnetic structure of antiferromagnetic materials, pro-
vided they have a single domain. Whether or not the present
analysis can be extended to metallic transition-metal materi-
als is not clear at the moment, and further study is highly
desired. The latest advances in the synchrotron radiation

FIG. 3. Spin-polarized photoemission spectrum of CoO calcu-
lated within a cluster model. The spectra calculated at 0 K and 390
K are shown with solid and dashed line, respectively. See, Fig. 1
for details on the three panels and the text for the calculation
parameters.
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Ca2RuO4: an AFM (TN=110K) Mott insulator
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FIG. 3. Upper two panels: Intensities of the apical component
(open circles) and in-plane component (open squares) and the
ratio between the two components (closed triangles) as a func-
tion of angle u in the O 1s x-ray absorption spectra taken at
90 K (a) and 300 K (b). Lower two panels: Intensities of the
apical component (dotted curve), in-plane component (dashed
curve), and the ratio between the two components (solid curves)
as a function of u obtained by model calculation for the orbital
population of nxy:nyz!zx ! 1

2
: 3

2
(c) and of nxy:nyz!zx ! 1:1 (d).

a rough estimation of the orbital population. In order to
quantitatively understand the orbital state in Ca2RuO4, the
hybridization between the Ru 4d and O 2p orbitals should
be taken into account in a more accurate way.

In order to elucidate the possible role of the Ru 4d
spin-orbit interaction and its consequences for the spin and
orbital states, we have also measured the spin-resolved va-
lence band photoemission spectrum of Ca2RuO4 using cir-
cularly polarized light. It has been shown recently that this
type of spectroscopy is very useful to investigating the spin
and orbital contributions to the magnetic moments in es-
pecially antiferromagnets and paramagnets [16]. Figure 4
shows the photoemission spectrum taken at 150 K (above
the Néel temperature) with a photon energy "hn# of
650 eV. The thin solid curve and closed circles depict the
sum and the difference, respectively, of the spectra taken
with parallel (s1e" and s2e#) and antiparallel (s1e#

and s2e") alignment of the photon helicity and electron
spin. The structures at the kinetic energies of 645, 643,
and 640 eV in the sum spectrum are derived from the Ru
4d band, the O 2p band, and the O 2p-Ru 4d hybridized
band, respectively [12]. In the difference spectrum, the
spectral weight is mainly on the Ru 4d band and the O
2p-Ru 4d hybridized band indicating that the spin polar-

FIG. 4. Valence-band photoemission spectra of Ca2RuO4. The
thin solid curve and closed circles show the sum and difference
of the spectra taken with parallel and antiparallel alignment. The
dashed curve and thick solid curve indicate the background due
to secondary electrons and the background-removed sum spec-
trum, respectively. In the lower panel, the difference spectrum
normalized to r00 is integrated from the higher kinetic energy
side.

ization induced by the spin-orbit coupling is dominated
by the Ru 4d contribution. The quantity of interest here is
the ratio between the integrated intensity of the difference
spectrum "r11# and that of the isotropic spectrum "r00#,
which is equal to 3

2 times the sum spectrum [17]. This
ratio can be related to the expectation value of a spin-orbit
operator of the system in the initial state, which for
transitions from 4d to ef like final states is given by [17]:

r11

r00 !
2$

P
i lx0"i# ? sx"i#%

3Nd
, (1)

where Nd denotes the number of 4d electrons, i is an
index of the electrons, and lx 0 and sx are the orbital and
spin angular momentum along the x and x0 direction of
the ith electron, respectively (see the inset of Fig. 1). We
find that the ratio converges to 20.027 6 0.007, as shown
in the lower panel of Fig. 4. In order to estimate the
polarization of the Ru t2g band, one needs to subtract the
contribution of the O 2p band from r00. Since the photo-
ionization cross section of the O 2p relative to that of
the Ru 4d is &0.7 [18], the polarization of the Ru 4d
band is estimated to be 20.046 6 0.012. This means that
$
P

i lx 0"i# ? sx"i#% is about 20.28 6 0.07, using Nd ! 4.
This value is comparable to that measured for CoO [16],
where the orbital moment was found to be of the order
of 1 mB. These measurements thus demonstrate that the
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FIG. 1. O 1s x-ray absorption spectra of Ca2RuO4 taken at
90 and 300 K at normal incidence. The spectra are normal-
ized using the higher energy region above 550 eV. The insets
show schematic pictures of the experimental arrangement and
the RuO6 octahedron.

states, respectively. The structures from 535 to 550 eV are
derived from transitions to the O 2p orbitals mixed into
the Ca 3d!Ru 5s, 5p states. The XAS spectra are normal-
ized using the higher energy region above 550 eV. In go-
ing from 300 to 90 K, the eg-derived structures become
somewhat sharper and the Ca 3d feature changes its line
shape. This is because the tilting of the RuO6 octahedra in-
creases with cooling [3] and, consequently, eg band width
is reduced and the Ca-O bond length is changed. The t2g
features, on the other hand, show dramatic changes with
temperature, and this requires an explanation in terms of
changes of the t2g orbital occupations, which is the main
object of the following discussions.

Figure 2 shows the Ru 4d-derived O 1s XAS spectra
taken at 90 and 300 K for u varying between 0± and 70±.
In the eg-derived region above 530 eV, the structures at
"531 and 534 eV increase and decrease with u, respec-
tively, indicating that the lower and higher energy regions
of the eg band are mainly constructed from the 2ps states
at the apical and in-plane oxygen sites, respectively. This
is consistent with the recent band-structure calculation for
Ca2RuO4 [12]. In the t2g-derived region, the two peaks
located at 528.5 and 529.5 eV (labeled as A and B, respec-
tively) show a very distinct angular dependence. Since
the apical oxygen XAS peak is lower in energy than the
in-plane one for La22xSrxCuO4 [13] and Sr2RuO4 [14], we
can assign structures A and B to transitions at the apical and
in-plane oxygen sites, respectively. This assignment is also
supported by the observation that the intensity of structure
A relative to that of B is much smaller in Sr2RuO4 [14]
than in Ca2RuO4, consistent with the fact that the RuO6
octahedra are appreciably elongated in Sr2RuO4 along the
c axis while they are almost regular in Ca2RuO4. We will
now use the angular dependence of the apical and in-plane
features to determine the t2g orbital population.

In order to extract estimates from the spectra, we fit them
with a Gaussian for each of structures A and B and with a
Gaussian to represent the tail of the higher lying eg band.
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FIG. 2 (color). O 1s x-ray absorption spectra of Ca2RuO4
taken at 90 and at 300 K as a function of angle u, which is the
angle between the surface normal and the Poynting vector of
the circularly polarized light. The spectra are normalized using
the higher energy region above 550 eV. In the insets, the fitted
results are shown by the thick solid curves. The two Gauss-
ians for structures A and B, and the tail of another Gaussian for
the eg band are shown by the dotted, dashed, and solid curves,
respectively.

The fits are shown by the thick solid curves in the insets
of Fig. 2 and the extracted intensities of the apical and
in-plane components are depicted in Figs. 3(a) and 3(b) as
a function of u. The angular dependence is determined by
the dipole matrix element of the O 1s-2p transition. For
circularly polarized light, transitions to the O 2px , 2py ,
and 2pz orbitals have u dependences of 1

2 cos2u, 1
2 , and

1
2 sin2u, respectively. Since the 2px!2py and 2pz orbitals
of the in-plane oxygen hybridize with the xy and yz!zx
states, respectively, the in-plane component has the u de-
pendence of 1

2 #cos2u 1 1$nxy 1
1
2 sin2unyz!zx . Here, nxy

and nyz!zx are the number of holes in the xy and yz!zx
states, respectively. On the other hand, since the 2px#2py $
orbital of the apical oxygen hybridizes with the zx#yz$
state, the apical component is given by 1

2 #cos2u 1 1$ 3
nyz!zx. With Ca2RuO4 having two holes in the 4d t2g
orbitals #nxy 1 nyz!zx ! 2$, we can simulate the u depen-
dence for a certain nxy:nyz!zx ratio. Taking into account the
small effect of the tilting of the octahedra, we have plot-
ted the results for nxy:nyz!zx ! 1

2 : 3
2 and nxy:nyz!zx ! 1:1

in Figs. 3(c) and 3(d), respectively. The experimental re-
sults at 90 K agree well with the simulation in Fig. 3(c),
and those at 300 K with the simulation in Fig. 3(d). In
addition, since we have incorporated the bond-length de-
pendence of the Ru-O hybridization strength in the simula-
tions [15], we are also able to reproduce the ratio between
the apical and in-plane components. These angle depen-
dent results thus indicate that the relative hole population
between the xy and yz!zx orbitals is roughly 1:1 at 300 K
and is drastically changed to roughly 1

2 : 3
2 at 90 K. Here,

it should be noted that these numbers are obtained using
the simple hybridization model which can provide only
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Selection rules: (mainly) ∆l = −1 (dàp) ; ∆ml = ±1   
(but |ml|<2 for p states!) 

SP-ARPES - Sr2RuO4 : a spin-triplet superconductor?
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SP-ARPES - Sr2RuO4: a spin-triplet superconductor?

C.N. Veenstra et al., PRL (2014) 

|ψ par 〉 ≈ a | −1,↓〉 + b |1, ↑〉
|ψ antipar 〉 ≈ c | −1,↑〉+ d |1,↓〉

It is not possible to associate a well-defined spin value to a state at the Fermi surface.  
Cooper pairs cannot be simply described  

as “singlets” or “triplets” 

SO is large (~130 meV); |ml, ms> and |-ml, -ms> states 
 are degenerate and mixed 
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Strong SOI in 5d TM compounds: the iridates
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Table 1. Comparison of structural, magnetic and electronic properties in Ba2IrO4 and
Sr2IrO4. db and dap are the in-plane and apical Ir–O distances.

db (Å) dap (Å) ✓tilt TN (K) µ (µB) Ea (meV) Ref.

Ba2IrO4 2.01 2.15 0� 230 0.34 70 [20]
Sr2IrO4 1.98 2.06 11� 230–240 0.33 60 [2, 14, 16]

(a) (b)

Figure 1. (a) Sr2IrO4 structure, projected on the ab plane (red = O; green = Sr; and
yellow = Ir). Apical oxygen atoms are not shown. Each IrO6 octahedron is rotated by
11� around the perpendicular c-axis with respect to the ideal K2NiF4 structure, yielding
a larger c(2 ⇥ 2) unit cell. The distortion is absent in Ba2IrO4 (b) (green = Ba). The
arrows illustrate the Ir spin arrangement in the AFM phase. Blue and green squares are
the primitive and magnetic unit cell [21, 22].

combined energy resolution of the monochromator and of the Scienta R4000 hemispherical
analyzer was ⇠30 meV. Samples were cleaved at T ⇠ 100 K at a pressure <10�10 mbar. The
Fermi level reference was measured on polycrystalline copper in good electrical equilibrium
with the sample. Sample charging hindered measurements below ⇠80 K. All data presented
here were collected at T > 120 K, where the effect was smaller and under control. The data were
subsequently corrected for the residual energy shift, which was estimated from a comparison
with data measured in a low-filling mode of the storage ring, with a photon intensity reduced by
almost two orders of magnitude.

3. Angle-resolved photoemission results

3.1. Band structure

Figure 2(a) presents an ARPES constant energy (CE) map of Ba-214, measured at E = �0.1 eV,
near the top of the valence band. The map is extracted from a dataset measured at photon energy
h⌫ = 155 eV, and T = 130 K. The blue square is the surface Brillouin zone (BZ) corresponding
to the crystallographic unit cell of figure 1(b) [20]. The map shows intense round features
(↵ features in the following) at the M points, the corners of the BZ. A second set of features
(� features), with fourfold symmetry, is observed at the X points. Both ↵ and � features are
repeated in all BZs of the map. A closer inspection reveals also a weaker, round contour (↵⇤)
at all 0 points. It will be clear in the following that ↵⇤ is a signature of band folding into the
smaller c(2 ⇥ 2) BZ (green square).

Figures 2(b)–(d) show the experimental E versus kk dispersion along high-symmetry lines
marked (b), (c) and (d) in figure 2(a). Along M0M , figure 2(b) shows a prominent band with
a maximum at the M point, where it gives rise to the ↵ contour. As discussed below, this

3

Sr2IrO4 Ba2IrO4 
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Figure 8. The calculated TB band structure is shown in (a) in the presence of an
octahedral CEF. In (b) the addition of SO coupling rearranges the bands into jeff = 3/2
(blue) and jeff = 1/2 (red) states. A staggered magnetic field splits all states in (c),
namely within the half-filled jeff = 1/2 band, simulating the opening of the Mott gap.
Panels (a0–c0) are corresponding schematic pictures of the local electronic structure at
the Ir sites.

Table 2. The set of parameters (in eV) of the TB model used for the calculated band
structure of figures 8 and 9.

�5d t1 t2 t3 t4 t5 B

0.7 0.5 0.1 0.03 0.27 0.01 0.1

system is metallic. Adding the SO interaction, in figures 8(b) and (b0), mixes the CEF states.
The t2g states are split into a four-fold degenerate, fully occupied jeff = 3/2 (blue), and a doubly
degenerate, half-filled, jeff = 1/2 manifold (red), but the system remains metallic. Figures 8(c)
and (c0) illustrate the further band splitting induced by HAFM, namely of the jeff = 1/2 band
into m j = �1/2 and 1/2 subbands, which effectively simulates the opening of a correlation gap
between an occupied lower Hubbard band and an empty upper Hubbard band.

The calculated TB band structure is compared with the ARPES data in figure 9 for the
set of parameters of table 2. Although the TB parameters, namely the external magnetic field,
should not be taken too literally, they do provide a useful description of the electronic structure.
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