
Kitaev model on honeycomb lattice
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Family of polytypes of Li2IrO3
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Magnetic Resonant x-ray diffraction at Ir L3 edge

- x-ray scattering at resonance
sensitive to magnetism of final
state

g-Li2IrO3

5d

2p3/2

f < 60 mm

I16@
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Magnetic Resonant x-ray diffraction on g-Li2IrO3
- incommensurate magnetic propagation vector

q = (0.57(1),0,0)
- peaks go away upon heating, appear only at resonance,
rotate x-ray polarization
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Azimuth scans on g-Li2IrO3

- projection of structure
factor onto scattered beam

x

z

- moments rotate in a plane
tilted away from the ac face



Magnetic structure
of g-Li2IrO3
- counter-rotating
moments between
every nn sites
- non coplanar -
alternating tilt from
ac face

- counter-rotation -> zero energy gain for nn Heisenberg exchange J < S1 ·S2 > =0

S1 S2



b-Li2IrO3 magnetic structure

- same q-vector, counter-rotating moments, alternating planes of rotation
along vertical bonds

- only difference is b-axis position of sites

g-Li2IrO3

- counter-rotation + non-coplanarity difficult to explained by Heisenberg
couplings



Perturbations around FM Kitaev limit: JKG model

J K G model : FM Kitaev K
small AFM Heisenberg J Si · Sj
small G (SxSy+SySx) for all bonds

E.K-H. Lee … Y.B. Kim PRB (2015), arXiv (2015).
b-phase (yes) and g (almost, not coplanarity pattern)



Scattering Tensors and Multipoles 
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XRS:	
  Probes	
  mul:polar	
  	
  order	
  	
  



 First XRS experiment to probe Orbital Ordering 
LaMnO3, Murakami, et al., PRL (1998) 

  

• (010) forbidden reflection 
 
• Large resonance at Mn K edge 
 1s -> 4p in the σ-π’ channel 
 
• Azimuthal scan varies rotation of C with 
respect to photon polarization and 
suggests anisotropy of the 4p states 

• Interpreted as arising from Jahn-Teller 
distortion due to orbital ordering  

A 

B 

A 

I=|CA-CB|2 
  
I = ˆ!ε ⋅C ⋅ ε̂

2



 Direct observation of orbital ordering using soft XRS 
Wilkins et al., PRL (2003)   

  Ruddlesdon-Popper bilayer manganite Mn L edges, 2p->3d 

strong JT 

weak JT 

(1/4,1/4,0) 



88 Resonant x-ray scattering: theory and practice
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Figure 2.7: (a) Schematic view of the optical layout of the ID20 beamline,
ESRF, France. (b) ID20 spectrometer. (c) The diced analyzer and
the 2D position-sensitive detector are shown in detail. (d) The
position of the source, analyzer, and detector is illustrated in a top
view of the Rowland circle.

Resonant	
  Inelas+c	
  X-­‐ray	
  Sca4ering	
  (RIXS)	
  
	
  

•  Element	
  and	
  electron	
  shell	
  specific	
  
•  Momentum	
  and	
  energy	
  resolved	
  
•  Probes	
  excita:on	
  spectrum	
  from	
  meV	
  to	
  eV	
  
•  Large	
  resonant	
  enhancements	
  possible	
  
•  Small	
  micron	
  sized	
  samples	
  can	
  be	
  studied	
  	
  
•  Single	
  magnon	
  excita:ons	
  can	
  be	
  measured	
  

88 Resonant x-ray scattering: theory and practice

CM

Si (111)

Si (844)

FM

KB

RIXS
a)

b)

d)c) s
D

A

D

s

x

R

!E~1.5 eV

!E~15 meV

Figure 2.7: (a) Schematic view of the optical layout of the ID20 beamline,
ESRF, France. (b) ID20 spectrometer. (c) The diced analyzer and
the 2D position-sensitive detector are shown in detail. (d) The
position of the source, analyzer, and detector is illustrated in a top
view of the Rowland circle.

ID20	
  ESRF	
  

Energy	
  resolu:on	
  
ΔE=25	
  meV	
  



2D	
  quantum	
  	
  Heisenberg	
  an+ferromagnet	
  
Observa+on	
  of	
  single	
  magnons	
  by	
  RIXS	
  	
  

	
  

RIXS	
  Cu	
  L3	
  edge	
  (930	
  eV)	
  
Braicovich	
  	
  et	
  al.	
  PRL	
  (2010)	
  	
  

La2CuO4	
  

The situation is more subtle with hole doping, because this
‘locally static model’ no longer completely applies as seen in
Fig. 3b. The negative next-nearest neighbour hopping t0 (positive
for electron doping) promotes magnetic sublattice mixing and a
much larger destruction of the AF correlations17. With hole
doping the trend observed in RIXS is fully recovered only in the
Hubbard model, as shown in Fig. 2, implying that higher order
processes absent in t! J-type models become crucial in
quantitatively reproducing the spin wave dispersion18.

Discussion
How do these results reconcile the seemingly contradictory
observations between RIXS, neutron and Raman scattering? First,
inelastic neutron scattering probes spin excitations particularly
well around (p, p) momentum transfer, showing a vanishing
spectral weight in the regime of large hole doping pC0.3 (refs
7,19). This behaviour is also visible in the numerical results
presented in Fig. 2a, which suggest that the impact of doping on
the intensity and dispersion of excitations near (0, 0) and (p, p) is
not symmetric. The decreasing correlation length with doping,
evidenced by the spin gap at (p, p) and the weak dispersion

towards (p/2, p/2), thus impacts these momentum points more
strongly than the AFZB paramagnons, in accordance with a
locally static picture. Second, Raman scattering8,20,21 shows a
softening of the so-called bimagnon (double spin-flip or two-
magnon) response upon both hole and electron doping. This
trend has been reproduced by our ED calculations of the B1g
Raman response shown in Fig. 4 (see Methods for the calculation
details and the verification of bimagnon peaks). Strong magnon-
magnon interactions reduce the bimagnon Raman peak energy
from twice that of the single-magnon bandwidth as determined
by AFZB magnons and quickly reduce the overall intensity.
Taken as a whole, our results provide a qualitative, and in
some cases quantitative, agreement with the salient experimental
features of neutron scattering, Raman and RIXS measurements,
suggesting that coherent propagating spin waves quickly
disappear with the destruction of long-range AF order upon
doping, while short-range, single spin-flip processes can survive
to high doping levels as reflected in the evolution of S(q, o).

Full polarization control will allow RIXS to become an effective
tool for directly observing spin dynamics along the AFZB,
particularly noting the electron/hole doping differences. Together
with the dome-shaped superconducting phase diagram, these
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Figure 1 | Similarities between RIXS and the spin dynamical structure factor S(q, x). (a) Schematic diagram of a spin-flip excitation produced during the
RIXS process at the Cu L3-edge. The highlighted (darkened) orbitals represent holes. A spin-flip excitation is created when an electron with up spin is
photoexcited from a Cu 2p core-level into the partially filled 3dx2 ! y2 orbital. Subsequent de-excitation through the decay of an electron with down spin into

the core produces a RIXS cross-section with a single spin-flip excitation. Such a single spin-flip channel can only be enabled when the outgoing photon
polarization is (or has non-zero component) perpendicular to the incoming photon polarization. (b) A schematic picture of the area of the Brillouin zone
accessible to RIXS at the Cu L-edge, as well as a line denoting the antiferromagnetic zone boundary (AFZB). The RIXS cross-section and the spin dynamical
structure factor S(q, o) have been evaluated in momentum space at the points marked by dots in the Brillouin zone (see also panel (c) below). (c) The RIXS
cross-section for select points in momentum space at the Cu L3-edge (top and middle panels) compared against S(q, o) (bottom panels). Each has been
calculated using exact diagonalization for the Hubbard model on a finite-size cluster for three different electron concentrations n. The top panels show RIXS
spectra calculated for an in-coming polarization p and a sum over the outgoing polarizations. The middle panels show the results with out-going
polarization discrimination, here chosen in the cross-polarized geometry to emphasize the spin excitations. The results were obtained for the Hubbard
model parameters U¼8t, t0¼ !0.3t with t¼0.4 eV, a Lorentzian broadening with half width at half maximum (HWHM)¼0.025t and a Gaussian
broadening with HWHM¼0.118t on the energy transfer (see Methods).
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3.3 Magnetic and electronic properties of Ba2IrO4 115
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Figure 3.10: The crystal structure of Ba2IrO4 (space group I4/mmm, left pan-
els) is compared to the crystal structure of Sr2IrO4 (space group
I41/acd, right panels). Panel (a) shows the overall crystal struc-
ture of Ba2IrO4 and Sr2IrO4. The [1 0 0] direction in I41/acd
corresponds to the [1 1 0] in the I4/mmm space group, as demon-
strated in the inset by means of a two-dimensional projection onto
the basal plane of the unit cell. Panel (b) shows the basal plane
crystal structure. In contrast to Sr2IrO4, Ba2IrO4 possesses per-
fectly straight Ir-O-Ir bonds. (c) IrO6 octahedra are elongated
along the c axis by 7% in Ba2IrO4. This must be compared to a
4% elongation in Sr2IrO4.
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FIG. 3. (a) Energy loss spectra recorded at T=15 K, well below the TN ⇡240 K [8, 12], along a path in the constant L=34
plane. The path was chosen to avoid the magnetic Bragg peaks, which appear at two of the four corners of the unfolded unit
cell (black square) shown in the inset (where the same conventions as in Fig. 2 are used). (b) Image plot of the data shown in
(a). (c) Schematic of the three representative features in the data.

we assign it to intra-site excitations of a hole across the
spin-orbit split levels in the t2g manifold, i.e. from the
Je↵=1/2 level to the one of the Je↵=3/2 levels [7, 14, 21]
(see Fig. 4(c)). We refer to such an excitation as ‘spin-
orbit exciton’ [24].

The dispersion of spin-orbit exciton with a bandwidth
of at least 0.3 eV implies that this local excitation can
propagate coherently through the lattice. Our model of
the spin-orbit exciton starts from a recognition that the
hopping process is formally analogous to the problem of
a hole propagating in the background of AF ordered mo-
ments, which has been extensively studied in the context
of cuprate HTSC [25]. Although the spin-orbit exciton
does not carry a charge, its hopping creates a trail of
misaligned spins and thus is subject to the same kind
of renormalization by magnons as that experienced by a
doped hole [26]. It is well known that the dispersion of a
doped hole in cuprates has a minimum at (⇡/2,⇡/2) [27],
i.e., at the AF magnetic Brillouin zone boundary. Since
Sr2IrO4 has a similar magnetic order [8], it can be un-
derstood by analogy that the dispersion of the spin-orbit
exciton should also have its minimum at (⇡/2,⇡/2).

The overall bandwidth is determined by the parame-
ters involved in the hopping process, which is depicted
in Fig. 4(c) in the hole picture. It involves moving an
excited hole to a neighboring site, which happens in two
steps. First, the excited hole in site i hops to a neighbor-
ing site j, generating an intermediate state with energy
U 0, which is the Coulomb repulsion between two holes at
a site in two di↵erent spin-orbital quantum levels. Then,
the other hole in site j hops back to site i. Thus, the en-
ergy scale of the dispersion is set by 2tAAtBB/U

0, which is
of the order of the magnetic exchange couplings. In fact,
these processes lead to the superexchange interactions re-
sponsible for the magnetic ordering, but here they involve
both the ground state and excited states of Ir ions.

Technically, the spin-orbit exciton hopping can be de-
scribed by the following Hamiltonian

H = �
X

i,j

W↵�
i,j X

†
i↵Xj�(b

†
j + bi), (1)

where i indicates the lattice site, b (b†) is the magnon
annihilation (creation) operator, and X denotes the spin-
orbit exciton that carries a quantum number ↵ belonging
either to the B or C doublet in the Je↵=3/2 manifold
(see Fig. 3(c)). From this expression, the analogy with
the case of a moving hole is apparent; in place of the
hopping t for the doped hole, we have an e↵ective spin-
orbit hopping matrix W with its overall energy scale set
by W = 2t2/U .
We calculated the spin-orbit exciton dispersion by eval-

uating its self-energy matrix expressed as

⌃↵�
k = �z2W 2

X

�,q

M↵�
k,qM

��
k,q

!q
, (2)

where z is the coordination number and M denotes the
vertex [21], using the actual experimental magnon dis-
persion relation for !q as shown in Fig. 2(a). The only
adjustable parameter is W , which only contributes to
the overall scaling of the dispersion. The model correctly
captures the main features of the data: the locations of
extrema in the dispersion (Fig. 4(a)), nearly momentum
independent integrated spectral weight (Fig. 4(b)), and
the intensity relative to the magnon intensity (Fig. 4(b)).
The theory described above is developed in Supplemen-

tary Material.
Our measurement of the spin-orbit exciton dispersion

has important implications in modeling 5d transition-
metal oxides with strong SOC. First, it shows that
not only the Je↵=1/2 states are localized but also the

	
  
•  Strong	
  spin-­‐orbit	
  coupling	
  for	
  Ir4+	
  yields	
  Jeff=1/2	
  

groundstate	
  (re	
  LCO	
  which	
  has	
  S=1/2).	
  
•  RIXS	
  excita:on	
  spectrum	
  	
  displays	
  dispersing	
  

magnons	
  up	
  to	
  ~250	
  meV	
  and	
  Jeff=1/2-­‐>3/2	
  
excitons	
  at	
  higher	
  energy.	
  

•  First	
  :me	
  X-­‐rays	
  have	
  determined	
  magnon	
  
spectrum	
  across	
  full	
  BZ	
  before	
  neutrons	
  (Ir	
  strong	
  
neutron	
  absorber)	
  

•  Fit	
  yields	
  J	
  =60,	
  J	
  ʹ′	
  =-­‐	
  20,	
  and	
  Jʹ′ʹ′=15	
  meV	
  	
  	
  

See	
  Vale	
  et	
  al.	
  PRB	
  (2015)	
  for	
  importance	
  of	
  XY	
  anisotropy	
  



Sr2IrO4,	
  J.	
  Kim	
  et	
  al.	
  PRL	
  108	
  (2012).	
  	
  

Magne+c	
  ground	
  states	
  and	
  excita+ons	
  of	
  the	
  Mo4	
  insula+ng	
  state	
  in	
  Srn+1IrnO3n
+1	
  
	
  

Isotropic	
  	
  
Heisenberg	
  	
  
Exchange	
  

	
  J1Si · Sj

Sr3Ir2O7	
  J.	
  Kim	
  et	
  al.,	
  PRL	
  109	
  (2012)	
  

Anisotropic	
  	
  
Pseudo-­‐dipolar	
  	
  

Exchange	
  

J1Si · Sj

+J2(Si · rij)(Sj · rij)



Emergent	
  Excita+ons	
  and	
  the	
  Quasi-­‐par+cle	
  Zoo	
  
Neutron	
  and	
  X-­‐ray	
  Spectroscopy	
  

	
  

Resonant	
  Inelas+c	
  X-­‐ray	
  Sca4ering	
  
1D	
  Mo4	
  Insulator	
  Sr2CuO3	
  

Schlappa	
  et	
  al.	
  Nature	
  (2012)	
  

Inelas+c	
  Neutron	
  Sca4ering	
  
2D	
  Mo4	
  Insulator	
  La2CuO4	
  

Coldea	
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  Phys.	
  Rev.	
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  (2001)	
  

Magnons	
  



Summary:	
  Iridates	
  

•  Study	
  of	
  magne+c	
  structures	
  and	
  excita+ons	
  provide	
  unique	
  insights	
  into	
  
the	
  role	
  of	
  spin-­‐orbit	
  coupling	
  in	
  iridates	
  including	
  symmetry	
  of	
  
wavefunc+ons	
  and	
  effec+ve	
  low-­‐energy	
  Hamiltonian	
  

•  (Sr,Ba)2IrO4	
  are	
  spin-­‐orbit	
  Mo4	
  insulators	
  with	
  Jeff=1/2	
  groundstate	
  

	
   	
   	
  -­‐	
  Evidence	
  from	
  XRMS,	
  RIXS,	
  ARPES,	
  XAS	
  etc	
  
	
  

•  Magne+cally	
  (Sr,Ba)2IrO4	
  are	
  remarkably	
  similar	
  to	
  La2CuO4	
  	
  	
  
	
  

	
   	
   	
  -­‐	
  High-­‐Tc	
  Superconduc+vity?	
  If	
  not,	
  why	
  not?	
  
	
  

•  Spin	
  reorienta+on	
  in	
  Sr3Ir2O7	
  	
  driven	
  by	
  compe++on	
  between	
  isotropic	
  
and	
  	
  bond-­‐direc+onal,	
  anisotropic	
  interac+ons	
  unique	
  to	
  Jeff=1/2	
  state	
  

	
  
•  Novel	
  magne+c	
  structures	
  displayed	
  by	
  honeycomb	
  iridates	
  provide	
  

compelling	
  evidence	
  for	
  the	
  realisa+on	
  of	
  Kitaev	
  physics	
  

	
   	
   	
  -­‐	
  How	
  to	
  tune	
  interac+ons	
  to	
  create	
  a	
  quantum	
  spin	
  liquid?	
  
	
   	
  	
  	
  	
  	
  
	
  

	
   	
   	
  	
  



Excita+ons	
  with	
  neutrons	
  and	
  X-­‐rays	
  

Neutrons	
   Photons	
  

•  Excel	
  at	
  low	
  energies	
  <10	
  
meV	
  

•  ΔΕ<<1meV	
  
•  High	
  sensi:vity	
  for	
  large	
  

samples	
  
•  Work	
  for	
  most	
  elements	
  

including	
  low	
  Z	
  
•  Absolute	
  units	
  

•  High	
  energies	
  >50meV	
  
•  ΔΕ~25meV	
  
•  High	
  sensi:vity	
  for	
  

very	
  small	
  samples	
  
•  Resonant	
  techniques	
  

only	
  developed	
  for	
  
some	
  elements	
  

•  Mul:polar	
  excita:ons	
  
•  Electronic	
  excita:ons	
  
•  Time	
  resolved,	
  XFELs	
  

•  crystal-­‐field	
  
•  phonons	
  
•  magnons	
  
•  triplons	
  
•  ……………	
  


