
Strongly	
  Correlated	
  Systems	
  and	
  Mo4-­‐Hubbard-­‐Heisenberg	
  paradigm	
  

•  Mo4-­‐Hubbard	
  insula+ng	
  state	
  arises	
  from	
  electron-­‐electron	
  interac+ons	
  	
  	
  

•  Mo4-­‐Hubbard	
  metal-­‐insulator	
  transi+on	
  independent	
  of	
  magne+c	
  order	
  
	
  

•  Low-­‐energy	
  spin	
  physics	
  described	
  by	
  isotropic	
  Heisenberg	
  Hamiltonian	
  

Costs	
  energy	
  U	
  Hopping	
  t	
  



	
  

	
   	
  	
  Beyond	
  the	
  Mo4-­‐Hubbard-­‐Heisenberg	
  Paradigm	
  
Strong	
  Spin-­‐Orbit	
  Coupling	
  Limit	
  

Spin	
  liquid	
   Quadrupolar	
  

Witczak-­‐Krempa	
  et	
  al.,	
  arXiv:1305.2193	
  



Z	
  Dependence	
  of	
  Energy	
  Scales	
  

U	
  U	
  

W	
  

λ	
  

U	
   W	
   λ	
  

•  For	
  the	
  late	
  3d	
  series,	
  U	
  >>	
  W,	
  and	
  are	
  consequently	
  strongly	
  correlated:	
  λ	
  is	
  small.	
  	
  

•  In	
  the	
  5d	
  series,	
  W~U,	
  and	
  in	
  the	
  absence	
  of	
  SOC,	
  generally	
  expect	
  metallic	
  behaviour	
  

•  However,	
  the	
  fact	
  that	
  U~λ	
  have	
  similar	
  energy	
  scale	
  (1	
  eV)	
  plays	
  a	
  decisive	
  role	
  

•  Delocalisa:on	
  implies	
  covalency	
  effects	
  may	
  also	
  play	
  an	
  important	
  role	
  



Nature	
  and	
  Evolu+on	
  of	
  the	
  Mo4-­‐like	
  insula+ng	
  state	
  in	
  Srn+1IrnO3n+1	
  

Sr3Ir2O7	
  (n=2)	
  
bilayer	
  

Sr2IrO4	
  (n=1)	
  
monolayer	
  

I41/acd	
   Bbcb	
  or	
  I4/mmm	
  

Takagi	
  group	
  

Ruddlesden-­‐Popper	
  	
  
perovskite	
  iridates	
  



The	
  Jeff=1/2	
  state	
  and	
  the	
  spin-­‐orbit	
  Mo4	
  insulator	
  
Strong	
  cubic	
  crystal	
  field	
  and	
  spin-­‐orbit	
  coupling	
  

Ir4+,	
  5d5	
  	
  
Entanglement	
  of	
  spin	
  
and	
  orbital	
  moments	
  =>	
  
important	
  consequences	
  for	
  
magne+c	
  interac+ons	
  

Electron	
  band	
  forma+on	
  and	
  the	
  opening	
  of	
  a	
  Mo4	
  gap	
  

Single-­‐ion	
  	
  

B.J.	
  Kim	
  et	
  al.	
  PRL	
  (2008)	
  	
  

Large	
  CEF	
  in	
  5ds	
  implies	
  
low	
  spin	
  configura:ons	
  



Novel	
  Groundstates	
  and	
  Excita+ons	
  in	
  Iridates	
  
Exquisite	
  sensi+vity	
  of	
  interac+ons	
  for	
  Jeff=1/2	
  state	
  to	
  laqce	
  topology	
  

Landmark	
  paper	
  by	
  Jackeli	
  and	
  Khaliullin,	
  PRL	
  (2009)	
  

Isotropic	
  	
  
Heisenberg	
  Exchange	
  

Anisotropic	
  
Bond	
  Direc:onal	
  

Honeycomb	
  laoce	
  

Kitaev	
  Model	
  

J1Si · Sj

Kitaev-­‐Heisenberg	
  	
  
Model	
  

Predicted	
  to	
  give	
  rise	
  to	
  novel	
  phases	
  and	
  excita+ons	
  

- 90º Ir-O2-Ir superexchange => Ising form - K S1 S2
z z

jeff =1/2

z

z

90ºz

Ir O

Jackeli, Khaliulin (2009)
Bond-directional exchange in edge-sharing IrO6 octahedra

- frustration from bond-dependent
anisotropic interactions

- 3-fold coordination => orthogonal
Ising axes for the 3 bonds

H = JSi · Sj +KS�i S
�
j

KS�i S
�
j

Here	
  and	
  henceforth	
  S	
  refers	
  to	
  
the	
  pseudo	
  or	
  isospin	
  of	
  the	
  
low	
  energy	
  projected	
  model	
  



Magne+sm	
  in	
  An+1IrnO3n+1	
  (A=Ba,Sr)	
  
Bulk	
  data	
  	
  

Sr3Ir2O7	
  (n=2)	
  
bilayer	
  

Sr2IrO4	
  (n=1)	
  
monolayer	
  

•  Excellent	
  at	
  iden:fying	
  the	
  existence	
  of	
  phase	
  transi:ons	
  

•  Very	
  difficult	
  to	
  deduce	
  anything	
  detailed	
  concerning	
  	
  
	
  	
  	
  	
  	
  	
  nature	
  of	
  the	
  groundstate	
  or	
  excita:ons	
  	
  

Cao	
  et	
  al.	
  PRB	
  (1998)	
  



Sr2IrO4:	
  Evidence	
  for	
  Jeff=1/2	
  model	
  	
  
	
  
 

Conclusion:	
  Large	
  L3/L2	
  branching	
  ra+o	
  =>	
  Jeff=1/2	
  model	
  

	
  B.J.	
  Kim	
  et	
  al.,	
  Science,	
  323	
  (2009),	
  X-­‐ray	
  Resonant	
  Magne+c	
  Sca4ering	
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Figure 1.4: Schematic energy diagram for Ir 5d (t52g) configuration. The energy

levels of the Ir4+ ion are split first by a strong octahedral crystal
field, secondly by the action of the SOC that produces a filled
jeff = 3/2 quartet, and a half filled jeff = 1/2 doublet. The ground
state of the system is therefore a hole in the jeff = 1/2 state. A real
space representation of the wave functions of the jeff = 3/2 state
(|1,±⟩ and |2,±⟩ doublets) and the jeff = 1/2 state (|0,±⟩ doublet)
are given. The |0,±⟩, |1,±⟩, and |2,±⟩ doublets are defined in
Eqs. 1.34–1.36.

field. In this scenario the jeff = 1/2 state is branched off from the atomic

j=5/2 through the effect of the cubic crystal field [19].

The strong SOC that characterizes 5d-ions produces a very narrow

jeff = 1/2 band. The electronic correlations U , even if modest compared

to 3d-metals, act on an effective bandwidth that has been reduced by the

SOC and the system is close to the Mott instability, Weff

U ∼ 1. The coop-

eration between U and SOC drives the system into an insulating state by

splitting the jeff = 1/2 band into a lower and upper Hubbard band sepa-

rated by a small energy gap (∼ 0.5 eV) [31]. The onset of this insulating

state has been observed in several iridates: from the layered perovskites

Sr2IrO4 [32], Sr3Ir2O7 [33], Ba2IrO4 [34] to other crystal structures like

CaIrO3 [35], (Na/Li)2IrO3 [36] and the pyrochlores R2Ir2O7 [20].

The “spin-orbit assisted” Mott insulating model was first proposed

in the pioneering work of Kim et al. [19] in Sr2IrO4, based on optical

conductivity, angle resolved photoemission (ARPES), X-ray absorption



How	
  to	
  determine	
  the	
  magne+c	
  structure	
  using	
  	
  REXMS	
  
Step	
  1:	
  Determine	
  the	
  ordering	
  wavevector	
  	
  

Find	
  a	
  candidate	
  magne+c	
  peak	
  

Magne+c	
  	
  ordering	
  wavevector	
  k	
  =	
  (½	
  ½	
  0)	
  
=>	
  An+ferromagne+c	
  coupling	
  in	
  a-­‐b	
  plane	
  

Sr3Ir2O7	
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Figure 4.4: (a) l-scan profile along the (12
1
2 l) direction in the σ-π channel at

T =60 K in Sr3Ir2O7. (b) l-scan profile of the (12
1
2 23) and (12

1
2 24)

magnetic reflections in the σ-σ (purple open diamonds) and σ-π
(light green spheres) polarization channels. The light green line
and the orange line represent a fit to a Lorentzian function and the
resolution function, respectively.
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Figure 4.12: (a)Resonant enhancement of the (12
1
2 24) magnetic reflection

across the L2,3 edges at T =20 K in the σ-π (green spheres) and
σ-σ (purple diamonds) scattering channel. The solid orange line
shows XANES spectra, measured in fluorescence mode, normal-
ized to the number of initial states. The black dashed line demar-
cates the integrated white line used to calculate the absorption
branching ratio, while the dashed blue line represents a fit to a
Lorentzian shape function. Panel (b) shows the L2/L3 XRMS
intensity ratio for µ∥ [0 0 1] as a function of the tetragonal crys-
tal field splitting ∆ ranging from -1 to 1 eV, for a given value of
the spin-orbit coupling constant (λ=0.42 eV) as calculated from
Eq. 2.73. The shaded area demarcates values of the tetragonal
crystal field for which the measured L2/L3 XRMS intensity ra-
tio is less than 0.3%. The top panel shows the evolution of the
angular part of the ground state wave function varying ∆.

Determine	
  energy	
  and	
  polariza+on	
  dependence	
  

 fE1
XMRS = −iFE1
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  only	
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Figure 4.10: The c-axis G-type magnetic structure of Sr3Ir2O7 for the magnetic
domains A and B. The arrows on light purple highlight the differ-
ent phase between the magnetic domains. The numbers indicate
the Ir atomic positions used to calculate the magnetic structure
factor.

L2/L3 XRMS for magnetic moments pointing perpendicularly to the per-

ovskite planes. Before proceeding with the analysis of the energy de-

pendence of XRMS we briefly discuss how magnetic scattering data are

corrected for absorption effects.

Absorption corrections

The first step in the correction of resonant magnetic scattering data con-

sists in obtaining the linear absorption coefficient µ(E). A detailed treat-

ment of this is given for instance in Ref. [111, 112]. The absorption coef-

ficient far from any absorption edge is roughly proportional to λ3, where

How	
  to	
  determine	
  the	
  magne+c	
  structure	
  using	
  	
  REXMS	
  
Step	
  2:	
  Determine	
  the	
  rela+ve	
  phases	
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Figure 4.4: (a) l-scan profile along the (12
1
2 l) direction in the σ-π channel at

T =60 K in Sr3Ir2O7. (b) l-scan profile of the (12
1
2 23) and (12

1
2 24)

magnetic reflections in the σ-σ (purple open diamonds) and σ-π
(light green spheres) polarization channels. The light green line
and the orange line represent a fit to a Lorentzian function and the
resolution function, respectively.

Sr3Ir2O7	
  

Collect	
  integrated	
  peak	
  intensi+es	
   Compare	
  with	
  calculated	
  	
  structure	
  Factors	
  	
  

|F|2 = |
X

j

Aj exp
iQ·rj |2

1	
  

2	
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cases.

1. For A2=A3=−A1=−A4, the magnetic structure factor squared

reads
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3. For A2=A4=−A1=−A3,
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∣∣2ı sin(2πlz)

(
1− eıπl

)∣∣2 . (4.5)
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The first term of Eq. 4.3-4.6 is a sin2 (cos2) of periodicity 1/2z=5.1335,

which represents the bilayer modulation due to interlayer AF (FM) cou-

pling. The second term of Eqs. 4.3–4.4 vanishes only for l= odd and there-

fore explains the magnetic reflections (12
1
2 2n) observed for the magnetic

domain A. The second term of Eqs. 4.5–4.6 is zero only for l= even and

thus explains the magnetic reflections (12
1
2 2n + 1) observed for the mag-

netic domain B. Fig. 4.5(a) shows the calculated magnetic structure factor

|FA
( 12

1
2 l)
|2 as a function of l relative to the magnetic domain A. The green

(purple dashed) line represents AF (FM) ordering between two neighbor-

ing IrO2 planes. Fig. 4.5(b) shows the calculated magnetic structure factor
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Figure 4.10: The c-axis G-type magnetic structure of Sr3Ir2O7 for the magnetic
domains A and B. The arrows on light purple highlight the differ-
ent phase between the magnetic domains. The numbers indicate
the Ir atomic positions used to calculate the magnetic structure
factor.

L2/L3 XRMS for magnetic moments pointing perpendicularly to the per-

ovskite planes. Before proceeding with the analysis of the energy de-

pendence of XRMS we briefly discuss how magnetic scattering data are

corrected for absorption effects.

Absorption corrections

The first step in the correction of resonant magnetic scattering data con-

sists in obtaining the linear absorption coefficient µ(E). A detailed treat-

ment of this is given for instance in Ref. [111, 112]. The absorption coef-

ficient far from any absorption edge is roughly proportional to λ3, where
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Figure 4.5: (a) Calculated magnetic structure factor |F( 12
1
2 l)

|2 as a function

of l for the magnetic domain A. The green (purple dashed) line
represents AF (FM) ordering between two neighboring IrO2 planes.
(b) Calculated magnetic structure factor |F( 12

1
2 l)

|2 as a function

of l for the magnetic domain B. The orange (grey dashed) line
represents AF (FM) ordering between two neighboring IrO2 planes.
(c) l-scan across the (12

1
2 l) magnetic reflections at T =60 K for the

magnetic domain A. The purple spheres represent the integrated
intensity of the measured magnetic scattering, whilst the heights
of the light blue bars represent the calculated intensity for the
magnetic scattering as discussed in the text.

 fE1
XMRS = −iFE1

(1)
0 z1cosθ+z3sinθ

−z1cosθ+z3sinθ −z2sin2θ

"

#
$$

%

&
''

Apply	
  correc:ons	
  for:	
  
	
  -­‐	
  Absorp:ion	
  
	
  -­‐	
  Geometrical	
  terms	
  in	
  the	
  Cross-­‐sec:on	
  

	
  
	
  
	
  

	
  -­‐	
  Etc.	
  

Candidate	
  magne+c	
  structure	
  	
  



How	
  to	
  determine	
  the	
  magne+c	
  structure	
  using	
  	
  REXMS	
  
Step	
  3:	
  Determine	
  the	
  direc+ons	
  of	
  the	
  magne+c	
  moments	
  	
  

  
 fE1

XMRS = −iFE1
(1)   σ→ $σ    π→ $σ     

σ→ $π π→ $π

&
'(

)
*+
= −iFE1

(1)
0 z1cosθ+z3sinθ

− z1cosθ+z3sinθ − z2 sin2θ

&

'
(

)

*
+

Rotate	
  around	
  	
  
wavevector	
  transfer	
  Q:	
  	
  

Azimuthal	
  Scans	
  



How	
  to	
  determine	
  the	
  magne+c	
  structure	
  using	
  	
  REXMS	
  
Step	
  3:	
  Determine	
  the	
  direc+ons	
  of	
  the	
  magne+c	
  moments	
  	
  

Sr3Ir2O7	
  	
  

Conclude	
  that	
  moments	
  in	
  Sr3Ir2O7	
  	
  are	
  purely	
  oriented	
  along	
  the	
  c	
  direc+on	
  

On the magnetic structure of Sr3Ir2O7: an x-ray resonant scattering study 5

Figure 3. (Color online) Azimuthal dependence of the (1
2
, 1
2
,24) magnetic reflection at

the Ir L3 edge in the rotated σ-π polarisation channel at T=90K. The black solid points
represent the integrated intensity of the experimental (1

2
, 1
2
,24) magnetic reflection

measured rotating the sample around the scattering vector Q by an angle Ψ. The
green solid line, the red dashed line and the blue dotted line show the FDMNES
calculations relative to the IR’s Γ2, Γ6 and Γ8, respectively.

with an ordered structure where the magnetic moments point along the [001]-axis, can
adequately model the data.

Figure 4. (Color online) Polarisation dependence of the (1
2
, 1
2
,24) magnetic reflection

for two different azimuthal angles Ψ=45◦ (a) and Ψ=-45◦ (b) defined with respect to
the reference vector (0,1,0). These measurements were made in a horizontal scattering
geometry (π incoming polarisation) at the Ir L3 edge at a temperature of 90K. The solid
black spheres represent the integrated intensity of the experimental (1

2
, 1
2
,24) magnetic

reflection as a function of the analyser rotation η. The black dashed line is a fit to
equation 1 [16]. The green solid line, the red dashed line and the blue dotted line show
the FDMNES calculations for the IRs Γ2, Γ6 and Γ8, respectively.

We have also performed a polarisation analysis, using a π-polarised incident x-ray

beam in a horizontal scattering geometry. Figure 4 shows calculations for the three IRs,
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Figure 2. (Color online) The experimental configuration used to perform the
azimuthal scans and the polarisation analysis measurements. The sample has been
oriented with the (0,0,1) and the (0,1,0) reflections lying in the scattering plane, defined
by the incoming and outgoing wave vectors. Azimuthal scans were performed in a
vertical scattering geometry (σ polarised incident beam) by rotating the sample around
the Ψ axis. For domain imaging measurements and the polarisation dependence of the
x-ray magnetic scattering, a configuration with the [001] and [010] directions lying in
the horizontal scattering plane was used (π polarised incident beam). The polarisation
of the scattered beam was scanned between η=0◦ and η=180◦, where η=0◦ corresponds
to a σ polarised beam.

crystal to analyse the polarisation of the scattered beam. The Pilatus 100k detector

has been exploited in the domain imaging measurement (see Figure 1) in order to

maximise the data throughput and consequently decrease the acquisition time. For

the azimuthal scans and the polarisation analysis measurements the latter configuration

has been adopted.

A Sr3Ir2O7 single crystal was mounted on a boron capillary and a nitrogen gas jet

cooler was exploited to avoid mechanical vibrations that might produce uncertainty in
the sample position with respect to the incident x-ray beam. The sample was oriented

with the [001] direction perpendicular to the sample surface and the [010] direction lying

in the vertical scattering plane at the azimuthal origin, for the azimuthal measurements

(σ polarised incident beam). A note of caution should be given at this point, that a large

number of multiple scattering peaks were observed during the measurement process, and

a great deal of care was taken in order to avoid them.
Figure 3 shows the azimuthal dependence of the (12 ,

1
2 ,24) magnetic reflection at

T=90K, using the resonant enhancement at the Ir L3 edge. The sample was rotated

about the scattering vector Q by an angle Ψ and the intensity in the rotated σ-π

channel was measured. The integrated intensity of this reflection as a function of

azimuthal angle, Ψ, is represented by the solid black points and this has been compared

to calculations performed using the FDMNES code [14] for the three possible IRs, Γ2,6,8,
described earlier in the text. It is clear that only the Γ2 representation, associated
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Figure 4. (Color online) Polarisation dependence of the (1
2
, 1
2
,24) magnetic reflection

for two different azimuthal angles Ψ=45◦ (a) and Ψ=-45◦ (b) defined with respect to
the reference vector (0,1,0). These measurements were made in a horizontal scattering
geometry (π incoming polarisation) at the Ir L3 edge at a temperature of 90K. The solid
black spheres represent the integrated intensity of the experimental (1

2
, 1
2
,24) magnetic

reflection as a function of the analyser rotation η. The black dashed line is a fit to
equation 1 [16]. The green solid line, the red dashed line and the blue dotted line show
the FDMNES calculations for the IRs Γ2, Γ6 and Γ8, respectively.

We have also performed a polarisation analysis, using a π-polarised incident x-ray

beam in a horizontal scattering geometry. Figure 4 shows calculations for the three IRs,
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Figure 4.12: (a)Resonant enhancement of the (12
1
2 24) magnetic reflection

across the L2,3 edges at T =20 K in the σ-π (green spheres) and
σ-σ (purple diamonds) scattering channel. The solid orange line
shows XANES spectra, measured in fluorescence mode, normal-
ized to the number of initial states. The black dashed line demar-
cates the integrated white line used to calculate the absorption
branching ratio, while the dashed blue line represents a fit to a
Lorentzian shape function. Panel (b) shows the L2/L3 XRMS
intensity ratio for µ∥ [0 0 1] as a function of the tetragonal crys-
tal field splitting ∆ ranging from -1 to 1 eV, for a given value of
the spin-orbit coupling constant (λ=0.42 eV) as calculated from
Eq. 2.73. The shaded area demarcates values of the tetragonal
crystal field for which the measured L2/L3 XRMS intensity ra-
tio is less than 0.3%. The top panel shows the evolution of the
angular part of the ground state wave function varying ∆.
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Figure 4.12: (a)Resonant enhancement of the (12
1
2 24) magnetic reflection

across the L2,3 edges at T =20 K in the σ-π (green spheres) and
σ-σ (purple diamonds) scattering channel. The solid orange line
shows XANES spectra, measured in fluorescence mode, normal-
ized to the number of initial states. The black dashed line demar-
cates the integrated white line used to calculate the absorption
branching ratio, while the dashed blue line represents a fit to a
Lorentzian shape function. Panel (b) shows the L2/L3 XRMS
intensity ratio for µ∥ [0 0 1] as a function of the tetragonal crys-
tal field splitting ∆ ranging from -1 to 1 eV, for a given value of
the spin-orbit coupling constant (λ=0.42 eV) as calculated from
Eq. 2.73. The shaded area demarcates values of the tetragonal
crystal field for which the measured L2/L3 XRMS intensity ra-
tio is less than 0.3%. The top panel shows the evolution of the
angular part of the ground state wave function varying ∆.

Conclude	
  from	
  branching	
  ra+o:	
  
•  Jeff=1/2	
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  in	
  Sr3Ir2O7	
  
•  Ambiguity	
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  Sr2IrO4	
  as	
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  lie	
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  plane	
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Figure 3.6: The azimuthal dependence of the (1 0 24) magnetic reflection (solid
light green spheres) in Sr2IrO4, T =90 K. The lines are the az-
imuthal dependencies calculated for three different antiferromag-
netic structure where the magnetic moments are pointing along
the [1 0 0] (light green line), [0 1 0] (dotted orange line), and [0 0 1]
(dashed purple line) directions, respectively. The azimuthal angle
Ψ is defined with respect to the reference vector [1 0 0].

in the σ-π channel. Fig. 3.5 (c) shows the integrated intensity obtained

by fitting a Lorentzian peak shape to the individual scans as a function of

temperature. The transition appears to be second order and a long-ranged

antiferromagnetic order is realized below the Neel temperature TN ∼ 225

K. At this temperature, the onset of the weak ferromagnetism is observed

in bulk measurements (See Fig. 3.2(b)), as expected from ferromagnetism

derived from the canting of the antiferromagnetic structure.

Having determined the relative phase between the Ir magnetic mo-

ments we now focus on the moment direction of the dominant antiferro-

magnetic structure, i.e. the (1 0 4n+2) and (0 1 4n) type of reflections. This

point is particularly relevant since theory makes precise predictions on the

moment direction in layered perovskite iridates (see for instance Fig. 1.7).

Furthermore, as treated in detail in Section 2.3, the XRMS cross-section

is highly dependent on the moment direction. As mentioned in Section

2.2.1, a powerful tool to establish the moment directions are azimuthal

•  REXS	
  experiments	
  establish	
  that	
  Ir	
  
moments	
  are	
  AF	
  coupled	
  along	
  [100]	
  
direc:on	
  and	
  lie	
  in	
  the	
  a-­‐b	
  plane	
  

	
  
•  Key	
  predic:on	
  of	
  Jeff=1/2	
  model	
  by	
  	
  

Jackeli	
  and	
  Khaliullin	
  is	
  that	
  the	
  
moments	
  are	
  canted	
  to	
  follow	
  rigidly	
  
the	
  rota:on	
  of	
  the	
  IrO6	
  octahedra	
  

•  Test	
  the	
  model	
  by	
  measuring	
  reflec:ons	
  
sensi:ve	
  to	
  canted	
  AF	
  component	
  

Δ
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Boseggia	
  et	
  al.	
  JPCM	
  (2013)	
  

•  A	
  sublaoce,	
  dominant	
  AF	
  order	
  along	
  a	
  axis:	
  reflec:ons	
  of	
  type	
  (1	
  0	
  4n)	
  or	
  (0	
  1	
  4n+2)	
  	
  

•  B	
  sublaoce,	
  canted	
  AF	
  order	
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  b	
  axis:	
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  of	
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  (0	
  0	
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•  Ra:o	
  of	
  intensity	
  of	
  reflec:ons	
  can	
  be	
  used	
  to	
  determine	
  can:ng	
  angle	
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Figure 3.7: Left panel: ab-plane canted magnetic structure of Sr2IrO4. The
magnetic moment canting angle follows the octahedral rotations
rigidly. Right panel: Magnetic stacking pattern along the c axis.
Sites 1-8 in the space group I41/acd (#142, origin choice 1) for the
Ir ions were used to calculate the XRMS cross section. Ir magnetic
moments are canted by an angle φ from the a axis. The golden
arrows represent the canting-derived ferromagnetic component.

in Section 2.2.1 (Eq. 2.25) we can write the E1-E1 resonant magnetic

scattering amplitude as:

AXRMS
jE1 = −ıF (1)

E1 (ϵ
′ × ϵ) · ẑj (3.3)

where ϵ (ϵ′) is the incoming (scattered) x-ray linear polarization orienta-

tion, and ẑj is a unit vector in the direction of the Ir magnetic moments

(see Fig. 2.2). F (1)
E1 are coefficients dependent on the electronic transitions

that determine the strength of the resonant process [48].

We can then calculate the magnetic scattering amplitude for the Ir

magnetic moments pointing along the a axis (sublattice A) as:

AXRMS
jE1A,(104n)

= ıẑj cosφ (cos ξ cos θ cosψ + sin θ sin ξ) (3.4)



Locking	
  of	
  Ir	
  magne+c	
  moments	
  to	
  the	
  correlated	
  rota+on	
  of	
  O	
  octahedra	
  in	
  Sr2IrO4	
  
Boseggia	
  et	
  al.	
  JPCM	
  (2013)	
  

•  Can:ng	
  angle	
  of	
  magne:c	
  moments	
  of	
  
12.2(8)	
  degrees	
  is	
  within	
  error	
  equal	
  to	
  
the	
  rota:on	
  angle	
  11.8	
  degrees.	
  

•  Confirms	
  key	
  predic:on	
  of	
  Jeff=1/2	
  
model	
  by	
  	
  Jackeli	
  and	
  Khaliullin	
  

•  Can	
  used	
  measured	
  can:ng	
  angle	
  in	
  
theory	
  to	
  place	
  constraints	
  on	
  
tetragonal	
  crystal	
  field	
  

•  Conclude	
  that	
  Jeff=1/2	
  state	
  is	
  realised	
  
in	
  Sr2IrO4	
  

3.2 Locking of magnetic moment to the octahedral rotation 111
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Figure 3.9: Tetragonal crystal field parameter (∆) as a function of the spin-
orbit coupling λ. The boundaries of the tetragonal crystal field
were obtained from the Hamiltonian of [23] using, as an input
parameter, the error bar in the canting angle φ obtained from the
present study. The shaded area represents the error in the deter-
mination of φ as calculated from the standard deviation.

A deviation from the a axis by 12.2(8)◦ is obtained averaging the

canting angle associated with the three intensity ratios I(1 0 24)/I(0 0 23),

I(0 1 18)/I(0 0 23), and I(0 1 22)/I(0 0 21) (see Fig. 3.8(b)). We therefore conclude

that, within the experimental error, the magnetic moments in Sr2IrO4 fol-

low the octahedral rotations rigidly. We note that we cannot determine

the sign of the canting angle φ from our analysis. Based on the prediction

of theoretical models for iridate perovskites, we exclude that the Ir mo-

ments could rotate in antiphase with the oxygen octahedra. Our findings

therefore support the Hamiltonian derived by Jackeli and Khaliullin [23]

for layered iridates in the strong SOC limit. In fact, according to their

theoretical model, when the tetragonal crystal field is not strong enough

to modify the jeff = 1/2 state, magnetic and crystal structures are inti-

mately related resulting in a perfect equivalence of the magnetic moment

and octahedral rotation angles (φ = ρ). This significant coupling between

magnetic and structural degrees of freedom suggests the existence of a

strong magnetoelastic effect, already observed in Sr2IrO4 [73, 74].

Extending further our analysis, the Hamiltonian 1.48 allows us to es-
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- 90º Ir-O2-Ir superexchange => Ising form - K S1 S2
z z
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z

z

90ºz

Ir O

Jackeli, Khaliulin (2009)
Bond-directional exchange in edge-sharing IrO6 octahedra

- frustration from bond-dependent
anisotropic interactions

- 3-fold coordination => orthogonal
Ising axes for the 3 bonds
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