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Outline

§ Introduction:  problems in strongly correlated systems
§ Examples 

§ CDW melting in TiSe2

§ Diffuse scattering as a probe of nonequilibrium 
phonons 

§ Lattice, charge & orbital order dynamics in 
manganites

§ Nonlinear phonon-phonon interactions
§ Enabling technologies for ESB
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Strongly correlated systems

§ Strong correlations between electronic states
§ Breakdown of independent electron picture
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FIG. 2. Energy versus wave number along various symmetry
lines, obtained using a four-OPW approximation and fitting
Heine's values at S". The curves I.'X were obtained using only
two OPW's, giving rise to the discrepancy at I" on the left.

Perhaps a more significant estimate of the error in
our procedure may be obtained by comparing the
values we obtain at symmetry points with those ob-
tained by Heine. Table I gives the values obtained
by Heine in a preliminary calculation (Heine I),' and
in his self-consistent calculation (Heine III), along
with those obtained with four OPW's. The first four
points have been adjusted to fit Heine III. The remain-
ing five points are seen to agree within 0.03 rydbergs
except for the third-band value at E. The value
1.298 given by Heine at this point appears anomalous
not only with respect to the four-OPW calculation,
but also with respect to that in Heine I, and it is
reasonable to suppose that this value is in error.
Agreement within 0.03 rydbergs for the remaining
states is sufficient for our purposes.
It is of interest to compare these curves with those

obtained by letting V&pp and V»& become vanishingly

TAaLE I. Energy in rydbergs.

Heine I Heine III 4-OPW

F1
S'3
TV''
WI

0.000
1.036
1.041
1.250

0,000
1.012
1.063
1.182

0.000
1.012
1,063
1.182

eigenvalues of (1) for k at IV are readily found and are
given by

8=1.25n—Usoo, and 1.25n+Usop&2Vru, (2)
where the first level given is degenerate. These may
be equated to the values given by Heine, ' 1.012 ry
(degenerate), 1.063 ry, and 1.182 ry. This yields

tr =0.8535 ry, Vspp ——0.0550 ry, and V»t ——0.0295 ry. (3)
The o6-diagonal elements are small as expected.
Using the parameters given in (3), the eigenvalues

of (1) have been found for Ir running along various
lines of symmetry. The results are displayed in Fig. 2.
Such a calculation is not completely consistent since
at each symmetry point, other than S', at least one
other OPW has been neglected which would make a
contribution equal to one which has been included.
The addition of such plane waves, however, would
not have an appreciable eGect on the curves in the
energy range of Fig. 2. The magnitudes of the errors
involved may be seen from the discrepancy between
the two energy values given at I'. The curves I'X were
calculated using only two OPW's and shifted to fit the
four OPW calculation at X, whereas all other curves
involved the four orthogonalized plane waves.
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FIG. 3. Energy versus wave number along various symmetry
lines, obtained using a single-OPW approximation; this is equiva-
lent to the "nearly-free-electron approximation" and to the
"empty-lattice" band structure described by F. Herman (Revs.
Modern Phys. 30, 102 (1958)j.The vertical scale corresponds to an
effective mass of 0.79. Close parallel lines represent degeneracies.

small; that is, by going to the one-OPW limit. In
doing this we maintain the connectivity between
diferent segments of the curves as determined by
nonzero oA-diagonal matrix elements. These curves
are presented in Fig. 3. Such comparison would suggest
that the one-OPW approximation was quite bad.
However, the points displayed are those which lie on
symmetry lines and are therefore just those for which
we expect the single-OPW approximation to be worst.
When we procede to examine states near the Fermi
surface, we will find the situation very much better.

III. CONSTANT ENERGY CURVES

X4'
X]
X3U„
XIUI
E]UI

0.867
0.925
0.950
0.948
1.078

0.806
0.929
0.925
0,966
1.298

0.799
0.905
0.905
0.937
1.033

In studying the electronic properties of aluminum,
we will be interested only in the states near the Fermi
surface. Curves such as those in Fig. 2 give us only a
few points at the Fermi energy and a great deal of
information about regions which are not of interest.

[Harrison, Phys. Rev. 118 (1960)]

Al:  nearly free electron model Mott insulator

Increasing e-e correlation
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Strongly correlated systems
§ High-Tc superconductors § Manganites (CMR, CO/OO)
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empty d shell of a transition metal ion. Magnetism, on the contrary, 
requires transition metal ions with partially ! lled d shells, as the 
spins of electrons occupying completely ! lled shells add to zero and 
do not participate in magnetic ordering. " e exchange interaction 
between uncompensated spins of di# erent ions, giving rise to long-
range magnetic ordering, also results from the virtual hopping of 
electrons between the ions. In this respect the two mechanisms are 
not so dissimilar, but the di# erence in ! lling of the d shells required 
for ferroelectricity and magnetism makes these two ordered states 
mutually exclusive.

Still, some compounds, such as BiMnO3 or BiFeO3 with magnetic 
Mn3+ and Fe3+ ions, are ferroelectric. Here, however, it is the Bi ion 

with two electrons on the 6s orbital (lone pair) that moves away 
from the centrosymmetric position in its oxygen surrounding32. 
Because the ferroelectric and magnetic orders in these materials are 
associated with di# erent ions, the coupling between them is weak. For 
example, BiMnO3 shows a ferroelectric transition at TFE ≈ 800 K and a 
ferromagnetic transition at TFM ≈ 110 K, below which the two orders 
coexist12. BiMnO3 is a unique material, in which both magnetization 
and electric polarization are reasonably large12,33,34. " is, however, does 
not make it a useful multiferroic. Its dielectric constant ε shows only 
a minute anomaly at TFM and is fairly insensitive to magnetic ! elds: 
even very close to TFM, the change in ε produced by a 9-T ! eld does not 
exceed 0.6%.

In the ‘proper’ ferroelectrics discussed so far, structural instability 
towards the polar state, associated with the electronic pairing, is the 
main driving force of the transition. If, on the other hand, polarization 
is only a part of a more complex lattice distortion or if it appears as 
an accidental by-product of some other ordering, the ferroelectricity 
is called ‘improper’35 (see Table 1). For example, the hexagonal 
manganites RMnO3 (R = Ho–Lu, Y) show a lattice transition which 
enlarges their unit cell. An electric dipole moment, appearing below 
this transition, is induced by a nonlinear coupling to nonpolar 
lattice distortions, such as the buckling of R–O planes and tilts of 
manganese–oxygen bipyramids (geometric ferroelectricity)11,31,36.

Another group of improper ferroelectrics, discussed recently, 
are charge-ordered insulators. In many narrowband metals with 
strong electronic correlations, charge carriers become localized at 
low temperatures and form periodic superstructures. " e celebrated 
example is the magnetite Fe3O4, which undergoes a metal–insulator 
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Figure 1 Ferroelectricity in charge-ordered systems. Red/blue spheres correspond to cations with more/less positive charge. a, Ferroelectricity induced by simultaneous 
presence of site-centred and bond-centred charge orders in a chain (site-centred charges and dimers formed on every second bond are marked with green dashed 
lines). b, Polarization induced by coexisting site-centred charge and ↑↑↓↓ spin orders in a chain with the nearest-neighbour ferromagnetic and next-nearest-neighbour 
antiferromagnetic couplings. Ions are shifted away from centrosymmetric positions by exchange striction. c, Charge ordering in bilayered Lu(Fe2.5+)2O4 with a triangular lattice 
of Fe ions in each layer. The charge transfer from the top to bottom layer gives rise to net electric polarization. d, Possible polarization induced by charge ordering and the 
↑↑↓↓-type spin ordering in the a–b plane of perovskite YNiO3. 

Table 1 Classifi cation of ferroelectrics

Mechanism of inversion symmetry breaking Materials

Proper Covalent bonding between 3d 0 transition metal 
(Ti) and oxygen

BaTiO3

Polarization of 6s2 lone pair of Bi or Pb BiMnO3, BiFeO3, 
Pb(Fe2/3W1/3)O3

Improper Structural transition
‘Geometric ferroelectrics’

K2SeO4, Cs2CdI4 
hexagonal RMnO3

Charge ordering
‘Electronic ferroelectrics’

LuFe2O4

Magnetic ordering
‘Magnetic ferroelectrics’

Orthorhombic RMnO3, 
RMn2O5, CoCr2O4

nmat1804 Cheong Review.indd   14nmat1804 Cheong Review.indd   14 11/12/06   10:29:1811/12/06   10:29:18

§ Multiferroics
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Strongly correlated systems

Charge

Orbital

Spin

Lattice

§ Correlations from strong, competing interactions
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Ultrafast:  non-thermodynamic states in 
correlated systems

§ New ways to control the state of correlated 
systems

§ More efficient?
§ New states?
§ Faster?

§ Important test of theoretical models

Tuesday, March 27, 12
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Strongly correlated systems
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Orbital
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Lattice

§ Ideal experiment:  selective, fast pump & selective, 
fast probe
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Ultrafast:  non-thermodynamic states in 
correlated systems

§ New ways to control the state of correlated 
systems

§ More efficient?
§ New states?
§ Faster?

§ Important test of theoretical models

§ Requires:
§ Pump, probe faster than coupling time
§ Selectivity in pump and probe
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X-ray diffractionInterband absorption (optical)
Diffuse scattering
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TiSe2:  charge density wave

!   1T- structure 
!   P-3m1 
!   Semimetal  

!   CDW commensurate phase 
!   (2a×2a×2c) Superlattice 
!   Distorts towards 2H-structure 
!   Semimetal  

T > 200 K T < 200 K 

XRD:  satellite peaks

Tuesday, March 27, 12
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Time-resolved XRD:  Laser-induced transition 
nonthermal

Econ Laser-induced Thermal 

140 K 5.7 meV/(u.c.) 7.9   meV/(u.c.) 36.7 meV/(u.c.) 

90 K 9.0 meV/(u.c.) 16.7  meV/(u.c.) 60.0 meV/(u.c.) 

80  K (Optics) =>16.5 meV/(u.c.) 

Contrasts with 
“conventional” CDW 
from FS nesting

More “efficient” way 
to drive transition

Supports excitonic 
model for 
mechanism of CDW

[E. Möhr-Vorobeva et al. PRL 107, 036403 (2011)]
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X-ray diffractionInterband absorption (optical)

Resonant x-ray diffraction
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Manganese oxides:  R1-xAxMnO3

Collaboration:  PSI RESOX (U. Staub), FEMTO (P. Beaud, G. Ingold), ETHZ

Transition metal oxides with perovskite structure 
•  R: 3+  cation as rare earths (La, Pr,…) 
•  A: 2+  cation as Ca, Na, Sr 
•  Mn: 3+,4+  

R,A! O! Mn!

Many types of long range order ... 
!  Structural modulation arising from Jahn-Teller distortion on Mn3+ sites 
!  Charge order: modulation of Mn valence  
!  Orbital order: modulation of orientation of occupied eg orbitals in Mn3+  
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Manganese oxides:  R1-xAxMnO3
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Many types of long range order ... 
!  Structural modulation arising from Jahn-Teller distortion on Mn3+ sites 
!  Charge order: modulation of Mn valence  
!  Orbital order: modulation of orientation of occupied eg orbitals in Mn3+  

Resonant x-ray diffraction

Non-resonant x-ray 
diffraction
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LCMO: superlattice reflection
20 K 300 K

Monoclinic (P21/m)                Orthorhombic (Pbnm)

Rodriguez et al., PRB 71, 104430 (2005)

 Doubled unit cell due to Jahn-Teller distortion at Mn3+ sites 
 (5 -5 2) superlattice reflection, sensitive mostly to atomic 

motion along x-axis: 80% (Mn4+), 20% (La/Ca)
 Dissappears heating above TCO≈ 240 K 

or with sufficient laser excitation 

7.1 mJ/cm2

• At 1.55 eV intrasite transition of “Mn3+” ions 

• Directly destroys orbital order

• Charge order not directly affected, but hot electron will be less localized → fast melting of CO

Jung et al. PRB 57, R11043 (1998) 

LCMO: Photoexcitation at 800 nm

Pump:  Interband absorption 

 Low fluence:
- displacive excitation of coherent optical phonon 

 Higher fluence:
- faster ~80% signal drop within time resolution
corresponding to the motion of Mn3

- simultaneous rise of regular lattice peak 
- complete dissapearance of SL peak within 1 ps

PRL 103, 155702 (2009)

LCMO prompt phase transitionLa0.42Ca0.58MnO3
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 Low fluence:
- displacive excitation of coherent optical phonon 

 Higher fluence:
- faster ~80% signal drop within time resolution
corresponding to the motion of Mn3

- simultaneous rise of regular lattice peak 
- complete dissapearance of SL peak within 1 ps

PRL 103, 155702 (2009)

LCMO prompt phase transition
Resonant x-ray diffraction (static)

sensitive to the charge difference 
of the Mn ions Mn3+ / Mn4+

Reflection sensitive to the orbital order (Mn3+)  
(Jahn-Teller distortion) 

X-ray absorption (fluorescence)

Experiment performed at Material Science 
beamline at SLS (Phil Wilmott)

(0 3 0)

(0 1 0)

(0 5 0)

(0 ½ 0)

xas

Pr0.5Ca0.5MnO3:  static resonant XRD
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Charge

Orbital

Spin

Lattice

§ Effect of specific 
lattice modes on 
charge, spin & 
orbitals?

§ Spin excitations?
§ Plasmon (charge) 

excitations?

Just the beginning!
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Direct lattice mode excitations (resonance)
§ 2 - 50 THz (6-150 µm)
§ 1-30% bandwidth (depends on mode)
§ CEP stable:  resolve dynamics within the cycle

Direct spin wave excitations similar
§ 2-10 THz

Impulsive “kicking” 
§ Wide bandwidth, single cycle pulses

Driving plasmon resonances, phase modes
§ < 1 THz, single-cycle

Orbital/charge excitations
§ Visible/UV range, < 10 fs

Pump characteristics
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§ Vacuum
§ Temperature 5-500 K
§ Electrical contacts
§ Strong magnetic fields (> 1 T)
§ Flexible sample & detector angles

§ Grazing incidence for bulk samples  

Sample environment

Tuesday, March 27, 12
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§ 4-12 keV
§ Polarization control via phase plates
§ Need effective time resolution of ~10 fs

§ Time arrival monitor is *essential*
§ Monochromatic beam (0.01% BW)
§ High stability of beam on sample

§ Presently the limiting factor in real experiments
§ I0 often does not “see” critical instabilities in 

spectrum or pointing
§ May be best to control pointing with apertures

§ I0 with precision of better than 0.1% ???
§ Variable focus down to < 5 microns in either direction

Probe characteristics
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