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Figure 5.1: A schematic of the Hubbard model for a square lattice. The on-site potential energy
(U ) and the hopping energy (t) are shown schematically.

Gives a good starting point to
describe strongly correlated
systems
Numerical techniques available
(Quantum Monte Carlo,
variational Monte Carlo ... )
Problem : not ab-initio

5.2.2

Hubbard model

The Hubbard model is used to describe the nature of a strongly interacting system of electrons. Here, the physical picture is of a generic lattice for the transport
of electron with two energy scales namely: the on-site potential energy (U ), which
describes the energy cost for any occupancy different from the allowed occupancy
number and the hopping energy (t), which gives the energy required for an electron
to hop from one lattice site to the neighboring lattice site. It is possible to develop
subtle variations in the model to describe systems with slightly different behavior. A
schematic of the Hubbard model is shown in figure 5.1. Earlier, we employed the noninteracting electron picture and used the Boltzmann transport theory earlier to derive
the transport coefficients for semiconductors and metals. In the case of strongly correlated materials, many-body interactions are present rendering the non-interacting
picture irrelevant. Instead, we need to employ Kubo formalism.[189] The finer details of the derivation of the transport coefficients particularly, thermopower is given
elsewhere.[188, 33] It is also instructive to note that the derivations here are applicable
only at the high temperature limit, where U ! kB T ! t. The thermopower formula
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Fig. 5. Schematic representation of the combined tilting-projection effect. On
top is a schematic liposome, represented as a sphere, surrounded by several particles: above the liposome (red), inside the liposome (white), inside the membrane (black and yellow). At 0 projection, with the exception of the white particle, all particles are seemingly associated with the membrane (schematic bilayer representation). This interpretation is true for black and yellow, but not for
the red particle. If the sample is tilted, particles will rotate in function of their
position and a tilt-dependent shift on the projected image is observed. If particles are above or below the liposome, they will appear outside the liposome at
certain tilt angles. A particle inside will never be projected at the same position
as the membrane.
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usually achieved by cryoﬁxation procedures but should nevertheless be ensured by an electron diffractogram of the sample.
Crystalline ice induces morphological changes, which cause
for example abrupt angles to membranes. Finally, cryo-ﬁxed
samples can only bear a limited electron dose, usually around
50 to 100 electrons per square Angstrom. Higher electron
doses evoke immediate but localized destruction of the sample
(so-called bubbling). Therefore, meta-data on approximate
sample thickness, water state and applied total electron dose
should accompany cryo electron micrographs.
IV. CONCLUSION
Transmission electron microscopy remains crucial for the
analysis of liposomal systems and the interaction with colloidal
nanoparticles. Delivering sufﬁcient resolution, the data however
comes as projections, thereby losing information on the third
dimension. This is an obvious but central point for the localization of SPIONs inside membranes. Furthermore, water-based
systems such as liposomal solution demand cryo-electron
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Fig. 6. Cryo-electron tomography and 3-D reconstruction of SPIONs and lipo,
somes (prepared as Fig. 2). The sample holder was tilted between
; the total electron dose
with a 3 increment. The defocus was set at
. Top: top view (YX), side view (XZ) and front view (YZ)
was
slices from the 3 dimensional stacks. The dark contrast of a SPION in the membrane is seen in all the slices. Below: the rendered model. Polar regions of liposomes are missing due to incomplete sampling during tilt series acquisition
. The model shows that SPIONs (yellow) co-localize in 3-D
space with the liposome membrane (red).

microscopy in order to preserve their ultrastructure as close as
possible to the native state. Additionally, proper interpretation
of the applied defocus is necessary. Phase contrast gives an
edge-detecting effect that provides contrast for liposomes but
can be mistakenly understood as a membrane bilayer on other
objects.
Finally, the electron dose limits the signal to noise ratio, and
a noisy image might result in misinterpretation. Tilt stereopairs
is the easiest form of a reconstruction of the third dimension and

6

Fig. 3. Schematic depiction of the substructuring approach in doped cobalt oxide, comprising of ordered CoO2 layers that are
separated by disordered layers (of Na dopant) to achieve a good electrical conductivity and poor phonon conductivity.

Promising directions :
Non periodic systems

Nanocrystals
light harvesting

1BZ

Fig. 5. Schematic representation of the combined tilting-projection effect. On
top is a schematic liposome, represented as a sphere, surrounded by several particles: above the liposome (red), inside the liposome (white), inside the membrane (black and yellow). At 0 projection, with the exception of the white particle, all particles are seemingly associated with the membrane (schematic bilayer representation). This interpretation is true for black and yellow, but not for
the red particle. If the sample is tilted, particles will rotate in function of their
position and a tilt-dependent shift on the projected image is observed. If particles are above or below the liposome, they will appear outside the liposome at
certain tilt angles. A particle inside will never be projected at the same position
as the membrane.

= 0Previous)Work)

usually achieved by cryoﬁxation procedures but should nevertheless be ensured by an electron diffractogram of the sample.
Crystalline ice induces morphological changes, which cause
for example abrupt angles to membranes. Finally, cryo-ﬁxed
samples can only bear a limited electron dose, usually around
50 to 100 electrons per square Angstrom. Higher electron
doses evoke immediate but localized destruction of the sample
(so-called bubbling). Therefore, meta-data on approximate
sample thickness, water state and applied total electron dose
should accompany cryo electron micrographs.
IV. CONCLUSION
Transmission electron microscopy remains crucial for the
analysis of liposomal systems and the interaction with colloidal
nanoparticles. Delivering sufﬁcient resolution, the data however
comes as projections, thereby losing information on the third
dimension. This is an obvious but central point for the localization of SPIONs inside membranes. Furthermore, water-based
systems such as liposomal solution demand cryo-electron

13

S. Walia et al. / Progress in Materials Science xxx (2013) xxx–xxx

Fig. 6. Cryo-electron tomography and 3-D reconstruction of SPIONs and lipo,
somes (prepared as Fig. 2). The sample holder was tilted between
; the total electron dose
with a 3 increment. The defocus was set at
. Top: top view (YX), side view (XZ) and front view (YZ)
was
slices from the 3 dimensional stacks. The dark contrast of a SPION in the membrane is seen in all the slices. Below: the rendered model. Polar regions of liposomes are missing due to incomplete sampling during tilt series acquisition
. The model shows that SPIONs (yellow) co-localize in 3-D
space with the liposome membrane (red).

microscopy in order to preserve their ultrastructure as close as
possible to the native state. Additionally, proper interpretation
of the applied defocus is necessary. Phase contrast gives an
edge-detecting effect that provides contrast for liposomes but
can be mistakenly understood as a membrane bilayer on other
objects.
Finally, the electron dose limits the signal to noise ratio, and
a noisy image might result in misinterpretation. Tilt stereopairs
is the easiest form of a reconstruction of the third dimension and

6

Fig. 3. Schematic depiction of the substructuring approach in doped cobalt oxide, comprising of ordered CoO2 layers that are
separated by disordered layers (of Na dopant) to achieve a good electrical conductivity and poor phonon conductivity.

Promising directions :
Non periodic systems

Nanocrystals
light harvesting

1BZ

iron oxide NP
targeted
drug release
Previous)Work)

Fig. 5. Schematic representation of the combined tilting-projection effect. On
top is a schematic liposome, represented as a sphere, surrounded by several particles: above the liposome (red), inside the liposome (white), inside the membrane (black and yellow). At 0 projection, with the exception of the white particle, all particles are seemingly associated with the membrane (schematic bilayer representation). This interpretation is true for black and yellow, but not for
the red particle. If the sample is tilted, particles will rotate in function of their
position and a tilt-dependent shift on the projected image is observed. If particles are above or below the liposome, they will appear outside the liposome at
certain tilt angles. A particle inside will never be projected at the same position
as the membrane.

=0

usually achieved by cryoﬁxation procedures but should nevertheless be ensured by an electron diffractogram of the sample.
Crystalline ice induces morphological changes, which cause
for example abrupt angles to membranes. Finally, cryo-ﬁxed
samples can only bear a limited electron dose, usually around
50 to 100 electrons per square Angstrom. Higher electron
doses evoke immediate but localized destruction of the sample
(so-called bubbling). Therefore, meta-data on approximate
sample thickness, water state and applied total electron dose
should accompany cryo electron micrographs.
IV. CONCLUSION
Transmission electron microscopy remains crucial for the
analysis of liposomal systems and the interaction with colloidal
nanoparticles. Delivering sufﬁcient resolution, the data however
comes as projections, thereby losing information on the third
dimension. This is an obvious but central point for the localization of SPIONs inside membranes. Furthermore, water-based
systems such as liposomal solution demand cryo-electron

13

S. Walia et al. / Progress in Materials Science xxx (2013) xxx–xxx

Fig. 6. Cryo-electron tomography and 3-D reconstruction of SPIONs and lipo,
somes (prepared as Fig. 2). The sample holder was tilted between
; the total electron dose
with a 3 increment. The defocus was set at
. Top: top view (YX), side view (XZ) and front view (YZ)
was
slices from the 3 dimensional stacks. The dark contrast of a SPION in the membrane is seen in all the slices. Below: the rendered model. Polar regions of liposomes are missing due to incomplete sampling during tilt series acquisition
. The model shows that SPIONs (yellow) co-localize in 3-D
space with the liposome membrane (red).

microscopy in order to preserve their ultrastructure as close as
possible to the native state. Additionally, proper interpretation
of the applied defocus is necessary. Phase contrast gives an
edge-detecting effect that provides contrast for liposomes but
can be mistakenly understood as a membrane bilayer on other
objects.
Finally, the electron dose limits the signal to noise ratio, and
a noisy image might result in misinterpretation. Tilt stereopairs
is the easiest form of a reconstruction of the third dimension and

6

Fig. 3. Schematic depiction of the substructuring approach in doped cobalt oxide, comprising of ordered CoO2 layers that are
separated by disordered layers (of Na dopant) to achieve a good electrical conductivity and poor phonon conductivity.

Promising directions :
Non periodic systems

Nanocrystals
light harvesting

1BZ

iron oxide NP
targeted
drug release
Previous)Work)

Fig. 5. Schematic representation of the combined tilting-projection effect. On
top is a schematic liposome, represented as a sphere, surrounded by several particles: above the liposome (red), inside the liposome (white), inside the membrane (black and yellow). At 0 projection, with the exception of the white particle, all particles are seemingly associated with the membrane (schematic bilayer representation). This interpretation is true for black and yellow, but not for
the red particle. If the sample is tilted, particles will rotate in function of their
position and a tilt-dependent shift on the projected image is observed. If particles are above or below the liposome, they will appear outside the liposome at
certain tilt angles. A particle inside will never be projected at the same position
as the membrane.

=0

usually achieved by cryoﬁxation procedures but should nevertheless be ensured by an electron diffractogram of the sample.
Crystalline ice induces morphological changes, which cause
for example abrupt angles to membranes. Finally, cryo-ﬁxed
samples can only bear a limited electron dose, usually around
50 to 100 electrons per square Angstrom. Higher electron
doses evoke immediate but localized destruction of the sample
(so-called bubbling). Therefore, meta-data on approximate
sample thickness, water state and applied total electron dose
should accompany cryo electron micrographs.
IV. CONCLUSION
Transmission electron microscopy remains crucial for the
analysis of liposomal systems and the interaction with colloidal
nanoparticles. Delivering sufﬁcient resolution, the data however
comes as projections, thereby losing information on the third
dimension. This is an obvious but central point for the localization of SPIONs inside membranes. Furthermore, water-based
systems such as liposomal solution demand cryo-electron

13

S. Walia et al. / Progress in Materials Science xxx (2013) xxx–xxx

Fig. 6. Cryo-electron tomography and 3-D reconstruction of SPIONs and lipo,
somes (prepared as Fig. 2). The sample holder was tilted between
; the total electron dose
with a 3 increment. The defocus was set at
. Top: top view (YX), side view (XZ) and front view (YZ)
was
slices from the 3 dimensional stacks. The dark contrast of a SPION in the membrane is seen in all the slices. Below: the rendered model. Polar regions of liposomes are missing due to incomplete sampling during tilt series acquisition
. The model shows that SPIONs (yellow) co-localize in 3-D
space with the liposome membrane (red).

Intercalant
disorder
thermoelectrics
microscopy in order to preserve their ultrastructure as close as
possible to the native state. Additionally, proper interpretation
of the applied defocus is necessary. Phase contrast gives an
edge-detecting effect that provides contrast for liposomes but
can be mistakenly understood as a membrane bilayer on other
objects.
Finally, the electron dose limits the signal to noise ratio, and
a noisy image might result in misinterpretation. Tilt stereopairs
is the easiest form of a reconstruction of the third dimension and

6

Fig. 3. Schematic depiction of the substructuring approach in doped cobalt oxide, comprising of ordered CoO2 layers that are
separated by disordered layers (of Na dopant) to achieve a good electrical conductivity and poor phonon conductivity.

Promising directions :
Non periodic systems

Nanocrystals
light harvesting

1BZ

iron oxide NP
targeted
drug release
Previous)Work)

Fig. 5. Schematic representation of the combined tilting-projection effect. On
top is a schematic liposome, represented as a sphere, surrounded by several particles: above the liposome (red), inside the liposome (white), inside the membrane (black and yellow). At 0 projection, with the exception of the white particle, all particles are seemingly associated with the membrane (schematic bilayer representation). This interpretation is true for black and yellow, but not for
the red particle. If the sample is tilted, particles will rotate in function of their
position and a tilt-dependent shift on the projected image is observed. If particles are above or below the liposome, they will appear outside the liposome at
certain tilt angles. A particle inside will never be projected at the same position
as the membrane.

=0

usually achieved by cryoﬁxation procedures but should nevertheless be ensured by an electron diffractogram of the sample.
Crystalline ice induces morphological changes, which cause
for example abrupt angles to membranes. Finally, cryo-ﬁxed
samples can only bear a limited electron dose, usually around
50 to 100 electrons per square Angstrom. Higher electron
doses evoke immediate but localized destruction of the sample
(so-called bubbling). Therefore, meta-data on approximate
sample thickness, water state and applied total electron dose
should accompany cryo electron micrographs.

13

S. Walia et al. / Progress in Materials Science xxx (2013) xxx–xxx

Fig. 6. Cryo-electron tomography and 3-D reconstruction of SPIONs and lipo,
somes (prepared as Fig. 2). The sample holder was tilted between
; the total electron dose
with a 3 increment. The defocus was set at
. Top: top view (YX), side view (XZ) and front view (YZ)
was
slices from the 3 dimensional stacks. The dark contrast of a SPION in the membrane is seen in all the slices. Below: the rendered model. Polar regions of liposomes are missing due to incomplete sampling during tilt series acquisition
. The model shows that SPIONs (yellow) co-localize in 3-D
space with the liposome membrane (red).

Intercalant
Self assembly
disorder
Atomic scale
memory device thermoelectrics
IV. CONCLUSION

Transmission electron microscopy remains crucial for the
analysis of liposomal systems and the interaction with colloidal
nanoparticles. Delivering sufﬁcient resolution, the data however
comes as projections, thereby losing information on the third
dimension. This is an obvious but central point for the localization of SPIONs inside membranes. Furthermore, water-based
systems such as liposomal solution demand cryo-electron

microscopy in order to preserve their ultrastructure as close as
possible to the native state. Additionally, proper interpretation
of the applied defocus is necessary. Phase contrast gives an
edge-detecting effect that provides contrast for liposomes but
can be mistakenly understood as a membrane bilayer on other
objects.
Finally, the electron dose limits the signal to noise ratio, and
a noisy image might result in misinterpretation. Tilt stereopairs
is the easiest form of a reconstruction of the third dimension and

6

Fig. 3. Schematic depiction of the substructuring approach in doped cobalt oxide, comprising of ordered CoO2 layers that are
separated by disordered layers (of Na dopant) to achieve a good electrical conductivity and poor phonon conductivity.

Promising directions :
Non periodic systems

Nanocrystals
light harvesting

1BZ

iron oxide NP
targeted
drug release
Previous)Work)

Fig. 5. Schematic representation of the combined tilting-projection effect. On
top is a schematic liposome, represented as a sphere, surrounded by several particles: above the liposome (red), inside the liposome (white), inside the membrane (black and yellow). At 0 projection, with the exception of the white particle, all particles are seemingly associated with the membrane (schematic bilayer representation). This interpretation is true for black and yellow, but not for
the red particle. If the sample is tilted, particles will rotate in function of their
position and a tilt-dependent shift on the projected image is observed. If particles are above or below the liposome, they will appear outside the liposome at
certain tilt angles. A particle inside will never be projected at the same position
as the membrane.

=0

usually achieved by cryoﬁxation procedures but should nevertheless be ensured by an electron diffractogram of the sample.
Crystalline ice induces morphological changes, which cause
for example abrupt angles to membranes. Finally, cryo-ﬁxed
samples can only bear a limited electron dose, usually around
50 to 100 electrons per square Angstrom. Higher electron
doses evoke immediate but localized destruction of the sample
(so-called bubbling). Therefore, meta-data on approximate
sample thickness, water state and applied total electron dose
should accompany cryo electron micrographs.

Fig. 6. Cryo-electron tomography and 3-D reconstruction of SPIONs and lipo,
somes (prepared as Fig. 2). The sample holder was tilted between
; the total electron dose
with a 3 increment. The defocus was set at
. Top: top view (YX), side view (XZ) and front view (YZ)
was
slices from the 3 dimensional stacks. The dark contrast of a SPION in the membrane is seen in all the slices. Below: the rendered model. Polar regions of liposomes are missing due to incomplete sampling during tilt series acquisition
. The model shows that SPIONs (yellow) co-localize in 3-D
space with the liposome membrane (red).

Metallo
Intercalant
Self assembly
porphyrin
disorder
Atomic scale
systems
memory device thermoelectrics
drug design
IV. CONCLUSION

Transmission electron microscopy remains crucial for the
analysis of liposomal systems and the interaction with colloidal
nanoparticles. Delivering sufﬁcient resolution, the data however
comes as projections, thereby losing information on the third
dimension. This is an obvious but central point for the localization of SPIONs inside membranes. Furthermore, water-based
systems such as liposomal solution demand cryo-electron

13

S. Walia et al. / Progress in Materials Science xxx (2013) xxx–xxx

microscopy in order to preserve their ultrastructure as close as
possible to the native state. Additionally, proper interpretation
of the applied defocus is necessary. Phase contrast gives an
edge-detecting effect that provides contrast for liposomes but
can be mistakenly understood as a membrane bilayer on other
objects.
Finally, the electron dose limits the signal to noise ratio, and
a noisy image might result in misinterpretation. Tilt stereopairs
is the easiest form of a reconstruction of the third dimension and

6

Fig. 3. Schematic depiction of the substructuring approach in doped cobalt oxide, comprising of ordered CoO2 layers that are
separated by disordered layers (of Na dopant) to achieve a good electrical conductivity and poor phonon conductivity.

Promising directions :
Non periodic systems

Nanocrystals
light harvesting

1BZ

~2K-20K
=0
atoms

iron oxide NP
targeted
drug release
Previous)Work)

Fig. 5. Schematic representation of the combined tilting-projection effect. On
top is a schematic liposome, represented as a sphere, surrounded by several particles: above the liposome (red), inside the liposome (white), inside the membrane (black and yellow). At 0 projection, with the exception of the white particle, all particles are seemingly associated with the membrane (schematic bilayer representation). This interpretation is true for black and yellow, but not for
the red particle. If the sample is tilted, particles will rotate in function of their
position and a tilt-dependent shift on the projected image is observed. If particles are above or below the liposome, they will appear outside the liposome at
certain tilt angles. A particle inside will never be projected at the same position
as the membrane.

usually achieved by cryoﬁxation procedures but should nevertheless be ensured by an electron diffractogram of the sample.
Crystalline ice induces morphological changes, which cause
for example abrupt angles to membranes. Finally, cryo-ﬁxed
samples can only bear a limited electron dose, usually around
50 to 100 electrons per square Angstrom. Higher electron
doses evoke immediate but localized destruction of the sample
(so-called bubbling). Therefore, meta-data on approximate
sample thickness, water state and applied total electron dose
should accompany cryo electron micrographs.

Fig. 6. Cryo-electron tomography and 3-D reconstruction of SPIONs and lipo,
somes (prepared as Fig. 2). The sample holder was tilted between
; the total electron dose
with a 3 increment. The defocus was set at
. Top: top view (YX), side view (XZ) and front view (YZ)
was
slices from the 3 dimensional stacks. The dark contrast of a SPION in the membrane is seen in all the slices. Below: the rendered model. Polar regions of liposomes are missing due to incomplete sampling during tilt series acquisition
. The model shows that SPIONs (yellow) co-localize in 3-D
space with the liposome membrane (red).

Metallo
Intercalant
Self assembly
porphyrin
disorder
Atomic scale
systems
memory device thermoelectrics
drug design
IV. CONCLUSION

Transmission electron microscopy remains crucial for the
analysis of liposomal systems and the interaction with colloidal
nanoparticles. Delivering sufﬁcient resolution, the data however
comes as projections, thereby losing information on the third
dimension. This is an obvious but central point for the localization of SPIONs inside membranes. Furthermore, water-based
systems such as liposomal solution demand cryo-electron

13

S. Walia et al. / Progress in Materials Science xxx (2013) xxx–xxx

microscopy in order to preserve their ultrastructure as close as
possible to the native state. Additionally, proper interpretation
of the applied defocus is necessary. Phase contrast gives an
edge-detecting effect that provides contrast for liposomes but
can be mistakenly understood as a membrane bilayer on other
objects.
Finally, the electron dose limits the signal to noise ratio, and
a noisy image might result in misinterpretation. Tilt stereopairs
is the easiest form of a reconstruction of the third dimension and

6

Fig. 3. Schematic depiction of the substructuring approach in doped cobalt oxide, comprising of ordered CoO2 layers that are
separated by disordered layers (of Na dopant) to achieve a good electrical conductivity and poor phonon conductivity.

Dynamical mean-field theory
Approximation
The self
energy is local
in space

"(!i ,!j )

∑ ( τ i ,τ j )

∑ (x,y) = ∑ (x)

Projectors
connect the
Kohn-Sham
orbitals to the
local set of
atomic orbitals
7

A. Georges and G. Kotliar PRB 45, 6479 (1992)

Quantum Chemistry Approaches
Partition of orbitals:
Core orbitals
(filed, frozen)
active orbitals
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valence orbitals
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virtual orbitals
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Active orbitals

Challenges
Cons : Large unit-cells - DFT scales with N^3
But : Modern architectures are faster than a decade ago
Cons : Real space implementation - more difficult to access bulk
properties
But : natural implementation of DMFT
Cons : Requires a local basis, which however can also encodes the
periodicity of the problem
But : Wannier functions are ideal candidates
Cons : Most DFT tools are optimized for the band picture representation
Cons : Chemists and Bio-Chemists already doing an outstanding job
But : We can bring our own view on this problem (Kohn-Sham
instead of Hartree Fock, Green’s functions, valence fluctuation ... ) 9

ONETEP - Linear
Scaling
Density
Matrix
DFT
Breakthrough
: Linear
scaling
density
(ONETEP)
Molecular orbitals (MOs)

Non-orthogonal Generalised
Wannier Functions (NGWFs)

NGWFs, non-orthogonal localised basis set optimised during the
DFT iterations
Near-sighted approximation: truncation of density kernel. Efficient for
solids near the localized/delocalized transition or molecules.
Same accuracy as plane-wave methods (J.Chem. Phys 119, 8842
’03)
Linear scaling with number of atoms, stable convergence
Scales near linearly with the number of processors
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5K atoms ~1h

Molecular DMFT+DFT : TOSCAM
TOlbox for Strongly Correlated Approaches to Molecules
Green’s function written in the basis of a set of NGWFs :
1
↵
G (i!n ) = ((i!n + µ)S↵
H↵
⌃↵ )

Difficulty :
Some of the DFT packages have been written/finalized over a
decade or more (CASTEP dev started in ‘99)
What took a 1000 hours 10 years ago takes 1h today (~Moore’s
law)
Most DFT codes typically are used to solve solids with ~10-50
atoms in the unit-cell
5K atoms ~1h

Large scale computing
Beyond direct inverse, impose energy window (restart Arnoldi
method, Lanczos) and obtain spectral properties
Uncorrelated Green’s function
Correlations added via updates of the Green’s function (~N^2), fast
if a large number of uncorrelated orbitals
Large scale computing (Bluegene/Q)
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Ligand Binding : haemoglobin
Biological Molecules typically consist of large uncorrelated structures (C,H,O) surrounding a
functional kernel with a correlated ion, such as iron porphyrin in haemoglobin.

Human haemoglobin

heme (kernel) binding to O2

13

Ligand Binding : haemoglobin
Biological Molecules typically consist of large uncorrelated structures (C,H,O) surrounding a
functional kernel with a correlated ion, such as iron porphyrin in haemoglobin.
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quantum/thermal fluctuations
multi-determinantal effects and entropy
fluctuating magnetic moment (no spin contamination)
ligand energetics: we need a good estimate of the orbital dependent hybridization and crystal field
Beyond energy crossings = dynamical effects
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Ligand Binding : haemoglobin
Biological Molecules typically consist of large uncorrelated structures (C,H,O) surrounding a
functional kernel with a correlated ion, such as iron porphyrin in haemoglobin.

Human haemoglobin

heme (kernel) binding to O2

quantum/thermal fluctuations

DMFT

multi-determinantal effects and entropy

fluctuating magnetic moment (no spin contamination)

ligand energetics: we need a good estimate of the orbital dependent hybridization and crystal field
Beyond energy crossings = dynamical effects
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Heme : Kernel Conformation

oxy-Heme (FeP(O2)) - planar shape

Heme
(~240 orbitals)

desoxy-heme (FeP) - domed shape.
Fe out of the nitrogen plane by 0.35A

AIM
5d orbitals
+bath

What is the link between topology/Binding and
electronic states (charge/spin)?

14

Hund’s rule J in Heme
J drives a transition
between low- to
high-spin
Fully polarised
state has 5
electrons (d-shell)
Change of orbital
polarization across
the phase diagram

physical
region

Sharp drop of the
iron density at J~0.7
eV

HOMO Orbital character in desoxy-heme
J affects strongly
the symmetry of
the HOMO

16

Multi-determinantal effects (unligated heme)
d-shell reduced density matrix (bath degrees of freedom are
integrated out)
physical
region,
high entropy,
valence
fluctuation

low spin Fe state,
low entropy,
classical valence

a)

b)

FeP-d
FeP-p

4

“valence
fluctuations”
c)
J=0eV
30%

quintet

3.5

37%

J=0.8eV

13%

41%

13%

9%

3

23%

doublet

6%

0

Sz=0.5,nd=7
Sz=0,nd=6

to fully polarized

2.5
0.5

1

1.5

J [eV]

2

2.5

13%

Sz=0,nd=8
Other

9%
6%

Sz=1,nd=6
Sz=0,nd=6
Sz=2,nd=6
other

Sz=0.5,nd=7
Sz=0.5,nd=5
Sz=1.5,nd=5

17

DFT+DMFT : Myoglobin
DFT calculations : binding
energy to CO is 1eV greater
than to O2
Problem : CO is toxic !
(Biophys. Journ. 65, 1942 ‘ 93)

DFT
Treatment of correlations ?
U and J
Iron atom: J~0.68eV, U~4eV

18

Fe charge
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Binding discrimination
MbO2

MbCO

20

Binding discrimination
MbO2

MbCO

d-O2
charge
excitations
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Energetics
CO
CO/O2
O2
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Energetics
CO
CO/O2
same
O2
binding
energies

21

Energetics
DMFT

CO
CO/O2
same
O2
binding
energies
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Optical absorption
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Optical absorption
33
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~0
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;:4
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O/
7
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CO

I

I

I

8

9
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~"

I

I

I

I

11
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13
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x 1 0 - 3 ¢ m -1

Nozawa
et al, spectra of the low spin complexes of ferrometmyoglobin. ConcentraFig. 4. MCD
and absorption
tion
approx.
3
mM
in
1/1528
M 2H20
), CarbonBio. Bio. Acta, 427,
’76 phosphate buffer (pH 7.0). Oxymyoglobin (
monoxymyoglobin (-- -- --). path = 2 ram; field = 11.4 kG; at 0 °C. The bar indicates the average
noise level.
Usually a2u (z0 and al, (zt), and b2u (~) and a2u' (~) have been considered to be
accidentally degenerate and the former group is higher in energy than the latter [14].
As has been discussed in detail by Smith and Williams [8], the near infrared charge
transfer band (CT1) is the lower energy one. Therefore it can be assigned to be the
transition from a2u (~), alu (z0 to eg (dr0. Hence the charge transfer band in the
visible region (CT2) should correspond with the transition b2u (z0, a2u (~) --->eg (dz0.
Although CT2 has complex configuration interactions with a,fl states, the resolved
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MANO:
Magnetism of Agregates of Nano-Particle Oxides

KCL - St Thomas-Hospital project
Strongly correlated Nano-particles (Fe2O3)
Size 5nm-50nm, supra-paramagnetic (fluctuating moment)
Challenges: quantum confinement, spin canting, strong
correlations, surface disorder, coating effect
Applications:
MRI Contrast agent (by magnetic relaxation of the moment)
Field driven vectors (DC applied field) for targeted drug delivery
Local heat dissipation (AC applied field) for tumor treatment
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erparamagnetic core19–21. In the motional average
the relaxivity r2 is given by (where all of the
contrast agents were simulated as spheres)24
!
"
r2 ¼ 256p2 g2 =405 kMs2 r 2 =Dð1 þ L=rÞ
ð1Þ

Results
Synthesis and characterization. The octapod iron oxide nanoparticles were prepared via decomposition of iron oleate in the
presence of sodium chloride (NaCl). Briefly, the iron oleate was
decomposed at 320 !C for 2 h in 1-octadecene solvent containing
oleic acid as the surfactant and NaCl as the capping agent.
Transmission electron microscopy (TEM) images (Fig. 1a,b)
showed that the as-prepared product consists of uniform four-

Nano-particle: doping to
enhance spin relaxation

and r are saturation magnetization and effective
gnetic nanostructure, respectively, D is the diffusivity
ecules, L is the thickness of an impermeable surface

(220)

Doping NP Fe3O4 with NaCl

0.29 nm
(220)
0.29 nm

–20°

–10°

0°

+10°

Unexpected effect: change of
symmetry of the NP, it forms an
octapod

+20°

Enhances the effective radius,
which gives better MRI contrast

analyses of octapod iron oxide nanoparticles. (a) TEM image of Octapod-30 consisted of uniform four-armed star-like particles (inset:
el). Scale bar, 100 nm. (b) The higher magnification TEM image of Octapod-30. Scale bar, 20 nm. (c) high-resolution TEM image of
howing the single crystallinity with the lattice fringes across the entire nanoparticles correspond to Fe3O4 (220). Scale bar, 2 nm. (d) Tilted
three Octapod-30. Along with the tilting, the nanoparticles (red dotted squares) change from four-armed star-like to elongated six-armed
g that the geometric shape of Octapod-30 is a concave octapod owning eight trigonal pyramidal arms (insets: corresponding geometric
bar, 20 nm.

Zhao et al,
Ncomms 4:2266 ’13

Unexpected: doping affects both
magnetism AND structural
properties

NATURE COMMUNICATIONS | 4:2266 | DOI: 10.1038/ncomms3266 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

Need for predictions and
microscopic understanding of the
chemical substitution
24

a given area. This is precisely what the system we have been investigati

Self-assembly

garnered interest for, by giving the possibility of binary data stored at the
scale.

Realization of d- and f- diluted superlattices with different inter-ad-atom
distance (Ag/Ce(111) and Fe/Cu(111)).
Atomic scale memory device

Previous
Work
Not science fiction : IBM 12-Fe bit

Andreas J Heinrich’s group,

Figure 1.2: Schematic of the IBM experiment, showing how at low tempe
Science, 335, 196 ’12
a single binary digit could be stored with 12 atoms. Image taken from th
website.

Work done by IBM [3] has shown that through using an STM to m
arrange Fe adatoms on a Cu surface, data could be stored with much

spatial resolution using an anti-ferromagnetic arrangement. This is shown

in 1.2. At low temperature it could be stored with as little as 12 atoms. W

complex system we study here, we investigate through numerical simulatio

a theoretical framework, the possibility of achieving such success without n

direct manipulation, but rather through tuning of physical parameters to

a) STM image of Ce
(red) on Ag(111)

b) super-lattices
Spectradesired.
of clean
the dilute

We will attempt
to describe
this complex
Ag(111)
and with
Ce system, understand why the

superlattice
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atoms behave in this way observed, and identify the key physical paramete

W-D Scheider’s group, PRL 92, 16101 ’04

give rise to these phenomena so that they may be manipulated.

localization as disorder increases
lectrons due to
Disorder
s of the lattice could
also in Vanadium dioxide
Static disorder
tem towards an insulator
a random displacement
positions (Gaussian

)

quantification of
1=metal,0=insulator

Monoclinic M1 phase, rutile axis along “a” axis

T=290K : structural phase
transition

Insulator pockets,

Insulator-like pockets
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Obstacles
professional integration : bringing the new tools to
the community. Coding is professional, Delivery is
very poor (tutorials, graphical interfaces, ...)
Onetep/Castep : Part of Material Studio (Accelrys).
Range of users significant, professional data
pipeline.
Range of users is small, but potential for significant
advances is large, we need to make a case !
engage better with industries, pharmaceuticals,
material driven rather then method-driven
Hub with upfront range of expertise (TYC example
in London)
Interdisciplinary science : hard to deliver, hard to
review (funding agencies). On paper attractive. 27
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Conclusion / Roadmap to drug design
Promising direction : extensions to non-periodic systems (nanocrystals, molecules, self-assembly ...)
nano-structure tailoring / drug design - Roadmap
Geometry optimization (now only ONETEP/DFT+U)
DMFT treatment restricted in energy or spatial range, need
more
DMFT + Molecular dynamic ( Forces , ... ), we have energies,
but we need better “value/money” algorithms
GW and DMFT+GW in real space for molecules
Data mining
Multi-scale approaches (effective Kohn-Sham potential ... )
Beyond linear response : DMFT+Boltzman equation (Nicola
Bonini-KCL, transport)
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THANK YOU
Cedric Weber
References:
PRL 108, 256402 ‘ 12
PRB 86, 115136 ‘ 12
PRL 110, 106402 ‘ 13
Open position for a PhD
studentship – EU candidate
Contact:
cedric.weber@kcl.ac.uk
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THE END
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Relaxation, femto dynamics
T=0 polarization, relaxation

Photolysis excitation, shift in Raman
spectra versus time,
(Franzen, Biophys. Journal 80’01)

Topology / response dependence
Protein characterization by time dependence
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AIM - Entanglement - bath/impurity
Decomposition of the ground state (and excited states) in
impurity and bath parts
Reduced density matrix of the impurity r

⇢ˆ =

X

Ei

e

i

T rB |iihi|

Diagonalization of r yields the Von Neuman entropy:

⇤=

kB

X

k ln ( k )

k

Eigenvectors are “cartoon”representation of the dominant states
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Fluctuating magnetic moment
S=

q

hŜŜi

(hŜi)2 =

q

hŜŜi

S = s (s + 1)
no-symmetry breaking
(paramagnetic
solution)
not in a classical
representation of a
triplet state for
J~0.8eV
Experimentally :
strong dependence of
the spin state with
respect to small
modifications in the
structure

Workflow
1) Setup the problem
(pseudo-potentials,
crystallographic
structure, screened
interactions)

2) Converge the DFT
calculations

3) Invert the Self-energy
and hamiltonian (GPU)
4) Project the Green’s
function on many
atomic local problems.
5) Solve the AIM local
problems in parallel
(MPI+OPENMP).
6) Upfold back the
projected Self-energy to
the large Kohn-Sham
34
Hilbert space

z

2
8
9
5
8
9

ator of the orbital ↵. The star highlights the orbital with the FeP
FeP(CO
0
largest moment increase.
E(J) - E(J=0) [e

e there is
energy of
pling.

2

Where do the electron go?
-2

atom
n(r)
0.5
J
[eV]
J transfers charge to Iron d orbitals -0.52
Nitrogen
ring -0.25
hydroxyl groups
FIG. 3:
Energy:
variation of the total energy E =
E(J) E(J =
0) of FeP(Ogroups
and FeP(CO) (blue
2 ) (red circles)
hydroxyl
+0.77

bitals for

ake frac-

FeP(CO
FeP(O2
FeP(O2

-4
0

circles) as a function of the Hund’s coupling. While there is
a drop in the energy for FeP(O2 ) at J ⇡ 0.8, the energy of
FeP(CO)
is only weakly
by the Hund’s
coupling.
III:
Variation
of thea↵ected
charge
n(r) =
n(r, J =

TABLE
n(r, J = 0) in FeP induced by the Hund’s coupling.
J d x2

y2

d3z2

r2

TABLE II: Int
FeP, FeP(CO)
nal orbital ma
where ↵ is an
ator of the orb
largest momen

0.8)

dxz dxy dyz

increase J :
FeP
0 0.85
1.86 1.24 1.98 0.82
empties
are consistent with
build
of the
magnetic
moment
FeP a0.8
1.10 up1.75
1.08 1.14
1.08
III: V
FeP(CO)(see
0 1.06
1.99that doublets
in the latter orbitals
Table0.86
II). 1.99
We1.06
note
bothTABLE
the
n(r, J = 0) in
FeP(CO) 0.8

1.14

1.33

1.16 1.05 1.85

Coulomb repulsion
U and the Hund’s
coupling J have an
FeP(O2 ) 0 0.72
1.82 1.25 1.87 1.28
importance here,
and
promote
di↵erent
body are
conFeP(O
1.03
1.07
1.18 1.97many
1.09
2 ) 0.8
consistent
in the latter o
figurations. The Coulomb repulsion
U tend to suppress
TABLE I: Average occupations n↵
of
the
iron
d
orbitals
for
d
Coulomb
repu
35
doubly occupied
many
body
configurations,
whereas
the
FeP, FeP(CO)
and FeP(O
),
for
J=0
and
J=0.8.
2
importance h
Hund’s coupling tends to generate many body configufigurations. T

Optics : J dependence

double peak structure (present in experiments)
in oxy-heme emerges as J increases
36

U and temperature variations

Weak U and temperature dependence
Weak variation of the charge with U for J=0
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Quantum Chemistry Approaches
Important to choose carefully orbitals
TICLES

Example : set of active orbitals for heme :

ure 2. CASSCF active orbitals of oxy-Mb in model I.

JACS, 130, 14778 ’ 08

Turbomole44 and DL_POLY,45 which together handle the

Chen e
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gram.56 We tried several kinds of active spaces for the CASS

Convergence of DMFT and CI
Hartree Fock type approaches used as solver for
DMFT
"Dynamical mean-field theory from a quantum
chemical perspective
D. Zgid and G. Chan J. Chem. Phys., 134, 094115
(2011)
Quantum Monte Carlo to sample CI
configurations, see e.g. Booth GH, Chan GKL,
Journal of Chemical Physics, 138, 029901 (2013)
Decoupling of correlated atom from system
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DFT+DMFT
Extensive set DFT+DMFT packages in the plane wave basis
Wien2K+DMFT (K.Haule)
Wien2K+TRIQS (M. Aichhorn, M.Ferrero, O. Parcollet)
DFT+DMFT in LMTO basis (A.I. Lichtenstein)
DFT+DMFT in Abinit (B. Amadon) ... and others ...
G=0 approach, requirements :
DMFT in localized basis set
Real space approach
Large unit-cells
The catch (problematic to some extent ... ) :
non-orthogonal basis set
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DMFT solver
Finite temperature Lanczos solver
AIM defined by a set of local basis of atomic
orbitals (c operator) connected to a bath (a
operator) :

Hybrid Lanczos solver

Vcpt

Vcpt

e
Imp.

This hamiltonian yield the hybridization
function:

We enforce that Himp reproduces the DMFT
hybridization:

Vcpt

Vcpt

cluster perturbation theory
(CPT) :

8
41

Molecular dynamical mean-fiel theory
Lattice Dyson equation:
GF Matrix reprensentation:

Projectors,
localised
orbitals

Local projected Green’s function:

DMFT
solver

D. Zgid & G. Chan, J.Chem.Phys 134, 094115 ’ 11

G0mm0 (i!n ) = h'˜m |G (i!n ) |'˜m0 i
↵

= Wkernel
DMFT density
m↵ G

(i!n ) V

m0 ,

0
Green’s
the basis
of afive
set of iron
NGWFs3d
: SNGWF p
where
m function
and mwritten
runin over
the
1
tor functions
(in
real
cubic-harmonic
notation:
d
↵
G (i!n ) = ((i!n + µ)S↵
H↵
⌃↵ )
d3z2 r2 , dyz , dxz , dxy ), ↵ and
are the indic
- projection and
on a setthe
of atomic
wave-function
{f}:
theDMFT
NGWFs,
matrices
NGWF-projector
(I)
(I)
(I)
(I)
Wm↵ =
lap matrices
areh'defined
m | ↵ i as V↵m = h ↵ |'m i and W
(I)
h'mProjected
| ↵ i. Green’s function:
In practice, in order to imbue
↵ the SNGWF Hu
G̃0mm0 (i!n ) = Wm↵ G (i!n ) V m0
projectors with a more plausible physical interpre
Projected Self energy:
a real-space rotation of the functions
was
carried
o
↵
˜
0 (i!n ) = Wm↵ ⌃
(i!nThe
) V subspac
m0
in order ⌃
tomm
better
align their lobes.

bridization matrix (i!n ) exhibits the correct p
decay proportional to 1/i!n . We tested
that thei
h

The DMFT
he correlated
00
1
limiting condition Õ = lim!!1 G̃ (i!) /!
smaller local
4
to a Hybridization
high precision,
ensuring
that the self-en
AIM),DMFT
which
AIM localup
problem
of the AIM
is given by:
physically meaningful. It can also be straightfor
his projected
imp
1
[33–35],
the
metric
tensor
on
the
SNGWFs
is
˜
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by
doing
a
high
frequency
expansion
(i!
)
=
(i!
+
µ)
Õ
⌃
E
G̃
t self consis-n
n
Green’s function that:
nction ofwiththe
:
e larger space
1
imp
1
1
1
E
=
ÕW
S
HS
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Õ
=
WS
V
.
(10)
e level of the
nnected
to a
Obtain the self-energy from the local problem, and upfold back to NGWF
˜6=
The
self-energy
on.
bath
c isThe
in general
non-trivial,
i.e.,
Õ ⌃
1 thus
and
space. How
can
we upfold
? It should
beis
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inverseobtained
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Andersonand
impurity
model to
(AIM) defined
by t
nment are
of the
GWFs
nonorthogonal
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identical
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S
⌃
(!
=
1)S
V
Õ
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Hamiltonian
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and the
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⌘
a
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[
s
are
dynam1
˜
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1
al set, if the trial ⌃
impurity
subspace
does
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=
V
⌃W
upf
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⌘
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solver
uses
a
finite
discretization
of
the
impurity.
1
oper subspace of the converged Kohn-Sham
W S VÕ = 1
Causal
! But this
simplication (9),
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for G=0 ! The
k size e↵ects, yet all
bridization
finite
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part
of
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However,
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case ofeveryting.
study,
dependence of
overlap
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the orbital o↵-diagonal
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Anderson Impurity Model

