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Density functional theory
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Simple idea : Transform 
a p rob lem o f in te rac t ing 
electrons (N-body problem) to a 
problem of individual electron 
interacting with a medium

1.3 The Hartree-Fock approximation.

Suppose that Ψ0 (the ground state wave function) is approximated as an antisymmetrized product
of N orthonormal spin orbitals ψi(x⃗), each a product of a spatial orbital φk(r⃗) and a spin function
σ(s) = α(s) or β(s), the Slater determinant

Ψ0 ≈ ΨHF =
1√
N !

!!!!!!!!

ψ1(x⃗1) ψ2(x⃗1) ... ψN(x⃗1)
ψ1(x⃗2) ψ2(x⃗2) ... ψN(x⃗2)

... ... ...
ψ1(x⃗N) ψ2(x⃗N) ... ψN(x⃗N)

!!!!!!!!
(9)

The Hartree-Fock approximation is the method whereby the orthogonal orbitals ψi are found
that minimize the energy for this determinantal form of Ψ0:

EHF = min(ΨHF→N)E [ΨHF ] (10)

The expectation value of the Hamiltonian operator with ΨHF is given by

EHF = ⟨ΨHF |Ĥ|ΨHF ⟩ =
N"

i=1

Hi +
1

2

N"

i,j=1

(Jij − Kij) (11)

Hi ≡
#

ψ∗
i (x⃗)

$
−

1

2
∇2 − Vext(x⃗)

%
ψi(x⃗) dx⃗ (12)

defines the contribution due to the kinetic energy and the electron-nucleus attraction and

2.1 The electron density.

The electron density is the central quantity in DFT. It is defined as the integral over the spin
coordinates of all electrons and over all but one of the spatial variables (x⃗ ≡ r⃗, s)

ρ(r⃗) = N

!
...

!
|Ψ(x⃗1, x⃗2, ..., x⃗N)|2ds1dx⃗2...dx⃗N . (20)

ρ(r⃗) determines the probability of finding any of the N electrons within volumen element dr⃗.

Some properties of the electron density:

• ρ(r⃗) is a non-negative function of only the three spatial variables which vanishes at infinity
and integrates to the total number of electrons:

ρ(r⃗ → ∞) = 0
!

ρ(r⃗)dr⃗ = N (21)

• ρ(r⃗) is an observable and can be measured experimentally, e.g. by X-ray diffraction.

• At any position of an atom, the gradient of ρ(r⃗) has a discontinuity and a cusp results:

limriA→0 [∇r + 2ZA] ρ̄(r⃗) = 0 (22)

where Z is the nuclear charge and ρ̄(r⃗) is the spherical average of ρ(r⃗).

• The asymptotic exponential decay for large distances from all nuclei:

ρ(r⃗) ∼ exp
"
−2

√
2I|r⃗|

#
I is the exact ionization energy (23)

Walter Kohn : Nobel prize 1998
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0.- Motivation II.

The Density Functional Theory was introduced in two seminal papers in the 60’s:

1. Hohenberg-Kohn (1964): ∼ 4000 citations

2. Kohn-Sham (1965): ∼ 9000 citations

The following figure shows the number of publications where the phrase“density functional
theory”appears in the title or abstract (taken from the ISI Web of Science).
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W. Kohn (Nobel Lecture):  

“In the intervening decades  
enormous progress has been 
made in finding approximate 
solutions of Shrodinger’s 
wave equation for systems 
with several electrons [...]. 
D F T i s a n a l t e r n a t i v e 
approach to the theory of 
electronic structure, in which 
the electron density, rather 
than the many-body electron 
wave-function plays a central 
role.“
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Any limiting cases where DFT needs improvement ?  

Yes! for localised d- of f- atoms where Coulomb 
repulsion between electrons is large! Particularly 3d and 

4f are close to the nucleus for orthogonality reasons.



Strongly correlated systems
transitio
n metal 

ion+oxygen cage 
=transition metal 

oxide

LixCoO2, NaxCoO2 
Battery materials
Thermoelectrics 
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High temperature 
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Hubbard model : Coulomb repulsion U

One band crossing the Fermi level 

tunneling/transfer integral “t”  

Hilbert space 4N, simple theory, but hard to solve. 

Metal to insulator transition: 

U<<1: paramagnetic Metal                       

U>>1 : Mott insulator 

too simple but contains most of the 
physics 11

93

U

t 

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.

5.2.2 Hubbard model

The Hubbard model is used to describe the nature of a strongly interacting sys-
tem 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 non-
interacting electron picture and used the Boltzmann transport theory earlier to derive
the transport coefficients for semiconductors and metals. In the case of strongly cor-
related materials, many-body interactions are present rendering the non-interacting
picture irrelevant. Instead, we need to employ Kubo formalism.[189] The finer de-
tails 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 ≫ kBT ≫ t. The thermopower formula
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Dynamical mean-field theory

Bath     

Lattice Hubbard model mapped onto a single-site model
Effective action (bath is self-consistently determined):

Lattice Hubbard model

Anderson impurity model

A. Georges and G. Kotliar, PRB (1992)
A. Georges et al., RMP (1996)

Se® = ¡
Z ¯

0

cy¾(¿)G¡10 (¿ ¡ ¿ 0)c¾(¿ 0) +
Z ¯

0

Un"(¿)n#(¿)

G0

DMFT: good at describing the destruction of coherent 
quasiparticles (small QP coherence scale, short lifetime) near Mott 
transition



DMFT: provides a realistic local self energy
An “effective atom” 
approach 

“Replace the full solid by 
an effective atom 
hybridized to an energy 
dependent environment, 
in a self-consistent 
manner”        A.Georges
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DMFT:
An ``effective atom’’ approach.
Replace the full solid by an effective atom
hybridized, in a self-consistent manner, 
to an energy-dependent environment

(effective medium)

Hubbard model : 
impurity can have 4 
states 

We describe the history 
of the fluctuations 
between those states 

A simple example: the Hubbard model

Focus on a given lattice site:
Atom can be in 4 possible configurations:

Describe ``history’’ of fluctuations between those configurations

Dynamical mean-field theory

Bath     

Lattice Hubbard model mapped onto a single-site model
Effective action (bath is self-consistently determined):

Lattice Hubbard model

Anderson impurity model

A. Georges and G. Kotliar, PRB (1992)
A. Georges et al., RMP (1996)

Se® = ¡
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cy¾(¿)G¡10 (¿ ¡ ¿ 0)c¾(¿ 0) +
Z ¯
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Un"(¿)n#(¿)

G0

DMFT: good at describing the destruction of coherent 
quasiparticles (small QP coherence scale, short lifetime) near Mott 
transition

München

Ludwig

Universität
Maximilians Dynamical mean field theory (DMFT)

DMFT maps a lattice many-body system onto
multi-orbital Anderson-like impurity model (AIM)

Metzner, Vollhardt, PRL ’89, simplification for d → ∞

Georges, Kotliar, PRB ’92, mapping onto an AIM
Anisimov et al., EPJ ’97, LDA+DMFT

CCP9-08 – p.3/5



single site DMFT

Lattice Dyson equation:

GF Matrix reprensentation:

Local projected Green’s function:
DMFT
solver

Projectors, 
localised 
orbitals



Step 6: Self energy embedding

Green’s function written in the basis of a set of NGWFs :

Projected Green’s function:

DMFT - projection on a set of atomic wave-function {f}: 

3

calculations.

A spherically symmetric trial impurity subspace was
defined by a spanning set of iron 3d orbitals, the or-
thonormal set {'m} produced by solving the spherically-
symmetric Schrödinger equation subject to the norm-
conserving iron pseudopotential with an appropriate con-
fining potential, the within a truncation sphere of radius
6.6 Å. The same procedure was used to generate the
initial guesses for the NGWFs during the initialization
of the DFT calculation, so that the trial impurity sub-
space formed a proper subspace of the initial guess for
the Kohn-Sham Hilbert space. Since the latter is op-
timized as the energy is minimized with respect to the
NGWFs, so, at convergence of the DFT algorithm, the
Hubbard projectors finally chosen to span the impurity
subspace of DFT+DMFT were the so-called symmetry-
adapted Nonorthogonal Generalized Wannier Functions
(SNGWFs), defined by

|'̃mi = |�↵ih�
↵
|'mi = |�↵i

�
S�1

�↵�
h�� |'mi. (3)

Thus, the final impurity subspace is a proper subspace
of the converged Kohn-Sham Hilbert space, a necessary
condition for a strictly causal self-energy, but retains the
3d symmetry of the numerical atomic orbitals (the gen-
eralization to nonorthogonal projector functions in this
context is discussed extensively in Ref [26]).

Once the fully-converged DFT energy minimization of
was carried out, for each heme strain, the full Green’s
function was initially computed in the finite-temperature
Matsubara representation. Noting that the inverse of a
doubly-covariant tensor is a doubly-contravariant tensor,
the full Green’s function is generally expressed and com-
puted, in terms of the the Kohn-Sham Hamiltonian H,
as

G↵� (i!n) = ((i!n + µ)S↵� �H↵� � ⌃↵�)
�1 . (4)

Here, µ is the chemical potential, set to the average of
the highest occupied and lowest unoccupied Kohn-Sham
orbital energies, and ⌃ is the self-energy tensor gener-
ated by the DMFT algorithm, where ⌃ = 0 in the first
instance so that the initial full Green’s function is the
Kohn-Sham Green’s function G0. Green’s function sam-
pling at 400 Matsubara frequencies provided adequate
convergence of the properties of interest. We performed
this matrix inversion, as well as all matrix multiplications
involved in the DMFT algorithm, on graphical compu-
tational units (GPUs) using a tailor-made parallel im-
plementation of the LU decomposition using the CUDA
programming language. This provided a crucial improve-
ment in the computational feasabililty of our calculations.
Following inversion to find the the full Green’s function,
the Kohn-Sham subspace Green’s function G̃0 is given
by its projection onto the impurity subspace, where it

has the matrix representation

G̃0mm0 (i!n) = h'̃m|Ĝ (i!n) |'̃m0i (5)

= Wm↵G
↵� (i!n)V�m0 ,

wherem andm0 run over the five iron 3d SNGWF projec-
tor functions (in real cubic-harmonic notation: dx2�y2 ,
d3z2�r2 , dyz, dxz, dxy), ↵ and � are the indices for
the NGWFs, and the matrices NGWF-projector over-

lap matrices are defined as V (I)
↵m = h�↵|'

(I)
m i and W (I)

m↵ =

h'(I)
m |�↵i.
In practice, in order to imbue the SNGWF Hubbard

projectors with a more plausible physical interpretation,
a real-space rotation of the functions was carried out [27]
in order to better align their lobes. The subspace pro-
jected Green’s function is thus transformed to

G̃rot = Ũ†G̃Ũ, (6)

where Ũ is the 5 ⇥ 5 rotation matrix in cubic harmonic
space, corresponding to a rotation in R(3), and G̃rot

is the rotated subspace Green’s function passed to the
DMFT solver. The rotation matrix Ũ is chosen, prag-
matically, such that the ex and ey axes are those, in an
averaged sense, which point towards the four nitrogen
atoms surrounding the iron-centered impurity subspace,
with ez directed out of the porphyrin plane.
Electronic correlation e↵ects beyond the capacity of

the approximate exchange-correlation functional, those
arising due to interactions between particles within the
impurity subspace and finite-temperature e↵ects, are
explicitly described in our DMFT calculations by the
Slater-Kanamori form of the Anderson impurity Hamil-
tonian [28, 29], specifically

HU = U
X

m

nm"nm# + (U 0
�

J

2
)
X

m>m0

nmnm0 (7)

� J
X

m>m0

⇣
2SmSm0 +

⇣
d†m"d

†
m#dm0"dm0#

⌘⌘
.

In this, the first term describes the e↵ect of intra-orbital
Coulomb repulsion, parametrised by U , and the second
term describes the inter-orbital repulsion, proportional to
U 0, which is renormalized by the Hund’s exchange cou-
pling parameter J in order to ensure a fully rotationally
invariant Hamiltonian (for further information on this
topic, we refer the reader to Ref. [30]). The third term is
the Hund’s rule exchange coupling, described by a spin
exchange coupling of amplitude J . Sm denotes the spin
corresponding to orbital m, so that Sm = 1

2d
†
ms�ss0dms0 ,

where � is the vector of Pauli matrices indexed by s and
s0. We note that the Slater-Kanamori form of the ver-
tex interaction is especially well suited to capture the
multiplet properties of the low energy states [30]. The
Slater-Koster [31] interaction is another alternative, but
is mostly used to describe solids, and is not well suited
to the case of a molecule.

W (I)
m↵ = h'(I)

m |�↵i

G
↵� (i!n) = ((i!n + µ)S↵� �H↵� � ⌃↵�)

�1

G̃0mm0 (i!n) = Wm↵G
↵� (i!n)V�m0

Projected Self energy:

⌃̃mm0 (i!n) = Wm↵⌃
↵� (i!n)V�m0



Step 7: Self consistent equations
DMFT AIM local problem Hybridization of the AIM is given by:

4

In this this work, unless where otherwise stated, we
used U = 4 eV for the screened Coulomb interaction [32]
and we explored the dependence of several observables
on the Hunds coupling (in the range J = 0 � 2.5 eV).
Our DMFT calculations were carried out at room tem-
perature, T = 294 K, again except where otherwise
stated. The dependence of our results with respect to
the Coulomb repulsion U and the temperature T is also
discussed in the next sections.

METHODOLOGY: DYNAMICAL MEAN-FIELD
THEORY TREATMENT

The Hamiltonian (7), in combination with the expres-
sions (4) and (5), defines the many-body impurity prob-
lem that we solve using the DMFT algorithm [3], which
updates the impurity Green’s function G̃. The DMFT
establishes a self consistent mapping from the correlated
atoms of the initial solid or molecule and a smaller local
problem, the Anderson Impurity Model (AIM), which
is used to obtain the self energy within this projected
subspace [3]. The mapping is carried out self consis-
tently, and the obtained local Green’s function of the
AIM converges to the Green’s function of the larger space
projected onto the correlated atom. At the level of the
AIM, this model describes an impurity connected to a
bath by the so-called hybridization function. The bath
of the AIM models the surrounding environment of the
correlated atom in the solid or the molecule, and the hy-
bridization function describes how electrons are dynam-
ically transferred from and to the bath to the impurity.
Hence, at the AIM level, the uncorrelated part of the
Heme molecule is described by the bath, and the hy-
bridization between the d orbitals of the iron atom and
the N atoms is described by the hybridization function
in the AIM.

We define only a single impurity subspace in calcula-
tions on heme, since there is only one transition-metal
ion present, and so the impurity self-energy

⌃̃ = G̃�1
0 � G̃�1 (8)

resulting from the DMFT algorithm is said to be exactly
local, in the sense that there are no pairs of impurity sites
for which to consider site o↵-diagonal self-energy matrix
elements. In this particular case, there is no feedback
from the self energy to the hybridization function, and
the DMFT converges after one iteration. It is hence not
a mean-field approximation in this particular case, but
turns out to be exact. However, the methodology de-
scribed in this work can be applied to molecules with
many correlated ions with no further modifications.

The hybridization matrix � within the AIM impurity
subspace is given, formally, by

�(i!n) = (i!n + µ) Õ� ⌃̃�Eimp
� G̃�1, (9)

where here [33–35], the metric tensor on the SNGWFs is
given by

Õ =
�
WS�1V

��1
. (10)

This metric is in general non-trivial, i.e., Õ 6= 1 and
so the SNGWFs are nonorthogonal and not identical to
their duals, even if their parent atomic orbitals form an
orthonormal set, if the trial impurity subspace does not
form a proper subspace of the converged Kohn-Sham
Hilbert space. However, for this particular case of study,
we found however that the deviation of Õ from the iden-
tity matrix was small (within 0.1%).
The high-frequency part of the hybridization function,

Eimp = �(i!n ! 1), defines the impurity energy levels
in the zero-hybridization “atomic” limit, so that the hy-
bridization matrix �(i!n) exhibits the correct physical
decay proportional to 1/i!n. We tested that the implied

limiting condition Õ = lim!!1

h
G̃�1 (i!)00 /!

i
holds,

up to a high precision, ensuring that the self-energy is
physically meaningful. It can also be straightforwardly
obtained by doing a high frequency expansion of the
Green’s function that:

Eimp = ÕW
�
S�1HS�1

�
VÕ. (11)

The self-energy ⌃̃ is thus obtained by solving the
Anderson impurity model (AIM) defined by the hy-
bridization (9) and the interaction Hamiltonian (7), using
a finite-temperature Lanczos DMFT algorithm [36–38].
The Lanczos solver uses a finite discretization of the hy-
bridization (9), su↵ering finite size e↵ects, yet allows for
the orbital o↵-diagonal elements of the hybridization (9)
to be considered on an equal footing to the diagonal ele-
ments. Crucially, this mitigates some of the dependence
on the spatial form and orientation of the projector func-
tions (SNGWFs) used to define the impurity subspace.

Having solved for impurity self-energy given by the
AIM, ⌃̃rot, it is rotated back to the original system of
coordinates, to give

⌃̃ = Ũ⌃̃rotŨ†. (12)

We then “up-fold” it to the Kohn-Sham Hilbert space,
using its separable form in terms of NGWFs, that is

⌃↵� = V↵m

⇣
⌃̃mm0

� VdcÕ
mm0

⌘
Wm0� . (13)

A separable form of the up-folded self-energy enforces its
causality, as shown recently in Ref [39], (the local self-
energy for the impurity subspace being causal by con-

struction, so that ⌃̃mm0(i!n)
00
 0, for all i!n,m,m0.

We carefully verified that our computed self-energies were
causal, a necessary condition for positive definite spectral
functions and the physicality of computed observables

4

In this this work, unless where otherwise stated, we
used U = 4 eV for the screened Coulomb interaction [32]
and we explored the dependence of several observables
on the Hunds coupling (in the range J = 0 � 2.5 eV).
Our DMFT calculations were carried out at room tem-
perature, T = 294 K, again except where otherwise
stated. The dependence of our results with respect to
the Coulomb repulsion U and the temperature T is also
discussed in the next sections.

METHODOLOGY: DYNAMICAL MEAN-FIELD
THEORY TREATMENT

The Hamiltonian (7), in combination with the expres-
sions (4) and (5), defines the many-body impurity prob-
lem that we solve using the DMFT algorithm [3], which
updates the impurity Green’s function G̃. The DMFT
establishes a self consistent mapping from the correlated
atoms of the initial solid or molecule and a smaller local
problem, the Anderson Impurity Model (AIM), which
is used to obtain the self energy within this projected
subspace [3]. The mapping is carried out self consis-
tently, and the obtained local Green’s function of the
AIM converges to the Green’s function of the larger space
projected onto the correlated atom. At the level of the
AIM, this model describes an impurity connected to a
bath by the so-called hybridization function. The bath
of the AIM models the surrounding environment of the
correlated atom in the solid or the molecule, and the hy-
bridization function describes how electrons are dynam-
ically transferred from and to the bath to the impurity.
Hence, at the AIM level, the uncorrelated part of the
Heme molecule is described by the bath, and the hy-
bridization between the d orbitals of the iron atom and
the N atoms is described by the hybridization function
in the AIM.

We define only a single impurity subspace in calcula-
tions on heme, since there is only one transition-metal
ion present, and so the impurity self-energy

⌃̃ = G̃�1
0 � G̃�1 (8)

resulting from the DMFT algorithm is said to be exactly
local, in the sense that there are no pairs of impurity sites
for which to consider site o↵-diagonal self-energy matrix
elements. In this particular case, there is no feedback
from the self energy to the hybridization function, and
the DMFT converges after one iteration. It is hence not
a mean-field approximation in this particular case, but
turns out to be exact. However, the methodology de-
scribed in this work can be applied to molecules with
many correlated ions with no further modifications.

The hybridization matrix � within the AIM impurity
subspace is given, formally, by

�(i!n) = (i!n + µ) Õ� ⌃̃�Eimp
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on the spatial form and orientation of the projector func-
tions (SNGWFs) used to define the impurity subspace.

Having solved for impurity self-energy given by the
AIM, ⌃̃rot, it is rotated back to the original system of
coordinates, to give

⌃̃ = Ũ⌃̃rotŨ†. (12)

We then “up-fold” it to the Kohn-Sham Hilbert space,
using its separable form in terms of NGWFs, that is

⌃↵� = V↵m

⇣
⌃̃mm0

� VdcÕ
mm0

⌘
Wm0� . (13)

A separable form of the up-folded self-energy enforces its
causality, as shown recently in Ref [39], (the local self-
energy for the impurity subspace being causal by con-

struction, so that ⌃̃mm0(i!n)
00
 0, for all i!n,m,m0.

We carefully verified that our computed self-energies were
causal, a necessary condition for positive definite spectral
functions and the physicality of computed observables

�(i!n) = (i!n + µ) Õ� ⌃̃�E
imp � G̃

�1

with :

Obtain the self-energy from the local problem, and upfold back to NGWF 
space. How can we upfold ? It should be the inverse operation : 

⌃upfolded = V⌃̃W

⌃̃(! = 1) = ÕW
�
S
�1⌃upfolded(! = 1)S�1

�
VÕ

⇣
ÕWS

�1
⌘
V = 1

W

⇣
S
�1

VÕ

⌘
= 1Causal ! But this simplication is only for G=0 !  The k 

dependence of the overlap matrix complicates everyting.



Summary: the DFT+ DMFT cycle
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Overwiew of QSGW+DMFT+BSE

QSGW
non local charge fluctuation

DMFT
local spin fluctuation

Bethe Salpeter equation
Compute response function
●Magnetic/charge susceptibility
●Superconducting order parameter

Bethe Salpeter Equation
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EXTENDED SYNOPSIS 
Introduction: The overall aim of this project is to identify key physical mechanisms that are driven by the 
quantum many-body effects in transition metal under applied pressure. We will develop a unique set of 
theoretical approaches that will enable new research that include unconventional superconductors,  ordered 
quantum magnets at high pressure,  topological insulators, and shape memory phases. All of these examples 
emerge from a complex soup of many-body quantum interactions, making them difficult systems to understand, 
especially under non-ambient conditions. This project seeks to advance our knowledge of these issues by using 
extreme conditions of pressure to enable a continuous, clean and reversible tuning of quantum interactions, 
thereby shedding light on the building blocks of exotic magnetism and unconventional superconductivity. 

 
Pressure, like temperature, is a basic thermodynamic 
quantity which can be applied in experiment over an 
enormous range, leading to important contributions in 
such diverse areas of science and technology as 
astrophysics, geophysics, condensed matter physics, 
chemistry, biology, and food processing (see, for 
example Ref [1]. One of the most evident examples is 
the case of Alkali metals under compression, described 
by the nearly-free electron (NFE) model as an array of 
ions and delocalised valence electrons which are 
perturbed only slightly by the ionic lattice. But what 
happens when the atoms are pushed closer together by 
an external force – how do the interactions between the 
ions and valence electrons change, and what is the 
effect on the metal’s physical properties?  

 

Compression widens electron bands and decreases energy gaps, with the result that insulators will become metals 
if compressed sufficiently. The kinetic energy of the valence electrons will also rise more rapidly with density 
than their potential energy (assuming a Coulomb interaction), and we might therefore expect metals to become 
more free-electron like at higher densities [2]. Thus we might expect all materials to become NFE metals at very 
high densities. But not all materials behave this simply. Rather, some undergoes a series of phase transitions to 
superconducting [3], complex structural forms [4], sometimes lacking periodicity [5], and with unusual optical 
properties [6]. Remarkably, Na becomes a transparent topological insulator at 200 GPa [7].  

The structural complexity of some materials is such that they were only determined in the last two decades, using 
novel diffraction techniques developed recently [8]. This is in particular due to the localization of valence 
electrons, as under pressure the volume occupied by the incompressible ion cores rapidly increases. The 
localization can induce transitions to insulating forms [7]. The effects of electron localisation and hybridisation 
are applicable to all high-density matter, but is in particular relevant for the large family of correlated materials, 
based on transition metal d- or lanthanide and rare-earth f- elements. Correlated systems show a breadth of 
peculiar and interesting properties stemming from many-body effects, such as high temperature superconductivity 
in copper oxides, room temperature metal-insulator transition in vanadates, … A fair understanding has been 
obtained at ambient conditions, in particular with the Zaanen-Sawatsky-Allen (ZSA) theory [9], which provides a 
classification of transition metal periodic solids in terms of charge transfer or Mott systems, but the understanding 
of their properties far from ambient conditions remains lacking and challenging.  

The field of superconductivity is no exception. The first high-pressure studies on a superconductor were carried 
out in 1925 by Sizoo and Onnes [10]. In contrast to magnetic materials, which are of technological importance as 
magnetism is stable to temperatures above room temperature, current materials do not become superconducting 
unless they are artificially cooled to low temperatures, an expensive process in real life applications. A 
technology-driven goal for the field of superconductivity research has been to find materials where Tc surpasses 
room temperature. Milestones were obtained, in particular, by applying pressure for both type-I and type-II 
superconductors. Historically, the high-pressure technique led to the discovery of YBa2Cu3O7 (Y-123) [11], one 
of the most important high-Tc superconductors (HTSC). The quest for controlling Tc via pressure isn’t new, 
Ashcroft proposed early that hydrogen-rich materials containing main group elements could exhibit 
superconductivity at large temperatures [12], based on the Bardeen–Cooper–Schrieffer (BCS) [13] phonon-

 

Figure 1:  The hierarchy of ab initio first 
principle approaches. Depending on the level of 
accuracy that is aimed for, a range of 
increasingly computationally demanding 
techniques are available [Courtesy: Magnific.biz] 
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Introduction: The overall aim of this project is to identify key physical mechanisms that are driven by the 
quantum many-body effects in transition metal under applied pressure. We will develop a unique set of 
theoretical approaches that will enable new research that include unconventional superconductors,  ordered 
quantum magnets at high pressure,  topological insulators, and shape memory phases. All of these examples 
emerge from a complex soup of many-body quantum interactions, making them difficult systems to understand, 
especially under non-ambient conditions. This project seeks to advance our knowledge of these issues by using 
extreme conditions of pressure to enable a continuous, clean and reversible tuning of quantum interactions, 
thereby shedding light on the building blocks of exotic magnetism and unconventional superconductivity. 

 
Pressure, like temperature, is a basic thermodynamic 
quantity which can be applied in experiment over an 
enormous range, leading to important contributions in 
such diverse areas of science and technology as 
astrophysics, geophysics, condensed matter physics, 
chemistry, biology, and food processing (see, for 
example Ref [1]. One of the most evident examples is 
the case of Alkali metals under compression, described 
by the nearly-free electron (NFE) model as an array of 
ions and delocalised valence electrons which are 
perturbed only slightly by the ionic lattice. But what 
happens when the atoms are pushed closer together by 
an external force – how do the interactions between the 
ions and valence electrons change, and what is the 
effect on the metal’s physical properties?  

 

Compression widens electron bands and decreases energy gaps, with the result that insulators will become metals 
if compressed sufficiently. The kinetic energy of the valence electrons will also rise more rapidly with density 
than their potential energy (assuming a Coulomb interaction), and we might therefore expect metals to become 
more free-electron like at higher densities [2]. Thus we might expect all materials to become NFE metals at very 
high densities. But not all materials behave this simply. Rather, some undergoes a series of phase transitions to 
superconducting [3], complex structural forms [4], sometimes lacking periodicity [5], and with unusual optical 
properties [6]. Remarkably, Na becomes a transparent topological insulator at 200 GPa [7].  

The structural complexity of some materials is such that they were only determined in the last two decades, using 
novel diffraction techniques developed recently [8]. This is in particular due to the localization of valence 
electrons, as under pressure the volume occupied by the incompressible ion cores rapidly increases. The 
localization can induce transitions to insulating forms [7]. The effects of electron localisation and hybridisation 
are applicable to all high-density matter, but is in particular relevant for the large family of correlated materials, 
based on transition metal d- or lanthanide and rare-earth f- elements. Correlated systems show a breadth of 
peculiar and interesting properties stemming from many-body effects, such as high temperature superconductivity 
in copper oxides, room temperature metal-insulator transition in vanadates, … A fair understanding has been 
obtained at ambient conditions, in particular with the Zaanen-Sawatsky-Allen (ZSA) theory [9], which provides a 
classification of transition metal periodic solids in terms of charge transfer or Mott systems, but the understanding 
of their properties far from ambient conditions remains lacking and challenging.  

The field of superconductivity is no exception. The first high-pressure studies on a superconductor were carried 
out in 1925 by Sizoo and Onnes [10]. In contrast to magnetic materials, which are of technological importance as 
magnetism is stable to temperatures above room temperature, current materials do not become superconducting 
unless they are artificially cooled to low temperatures, an expensive process in real life applications. A 
technology-driven goal for the field of superconductivity research has been to find materials where Tc surpasses 
room temperature. Milestones were obtained, in particular, by applying pressure for both type-I and type-II 
superconductors. Historically, the high-pressure technique led to the discovery of YBa2Cu3O7 (Y-123) [11], one 
of the most important high-Tc superconductors (HTSC). The quest for controlling Tc via pressure isn’t new, 
Ashcroft proposed early that hydrogen-rich materials containing main group elements could exhibit 
superconductivity at large temperatures [12], based on the Bardeen–Cooper–Schrieffer (BCS) [13] phonon-
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Introduction: The overall aim of this project is to identify key physical mechanisms that are driven by the 
quantum many-body effects in transition metal under applied pressure. We will develop a unique set of 
theoretical approaches that will enable new research that include unconventional superconductors,  ordered 
quantum magnets at high pressure,  topological insulators, and shape memory phases. All of these examples 
emerge from a complex soup of many-body quantum interactions, making them difficult systems to understand, 
especially under non-ambient conditions. This project seeks to advance our knowledge of these issues by using 
extreme conditions of pressure to enable a continuous, clean and reversible tuning of quantum interactions, 
thereby shedding light on the building blocks of exotic magnetism and unconventional superconductivity. 

 
Pressure, like temperature, is a basic thermodynamic 
quantity which can be applied in experiment over an 
enormous range, leading to important contributions in 
such diverse areas of science and technology as 
astrophysics, geophysics, condensed matter physics, 
chemistry, biology, and food processing (see, for 
example Ref [1]. One of the most evident examples is 
the case of Alkali metals under compression, described 
by the nearly-free electron (NFE) model as an array of 
ions and delocalised valence electrons which are 
perturbed only slightly by the ionic lattice. But what 
happens when the atoms are pushed closer together by 
an external force – how do the interactions between the 
ions and valence electrons change, and what is the 
effect on the metal’s physical properties?  

 

Compression widens electron bands and decreases energy gaps, with the result that insulators will become metals 
if compressed sufficiently. The kinetic energy of the valence electrons will also rise more rapidly with density 
than their potential energy (assuming a Coulomb interaction), and we might therefore expect metals to become 
more free-electron like at higher densities [2]. Thus we might expect all materials to become NFE metals at very 
high densities. But not all materials behave this simply. Rather, some undergoes a series of phase transitions to 
superconducting [3], complex structural forms [4], sometimes lacking periodicity [5], and with unusual optical 
properties [6]. Remarkably, Na becomes a transparent topological insulator at 200 GPa [7].  

The structural complexity of some materials is such that they were only determined in the last two decades, using 
novel diffraction techniques developed recently [8]. This is in particular due to the localization of valence 
electrons, as under pressure the volume occupied by the incompressible ion cores rapidly increases. The 
localization can induce transitions to insulating forms [7]. The effects of electron localisation and hybridisation 
are applicable to all high-density matter, but is in particular relevant for the large family of correlated materials, 
based on transition metal d- or lanthanide and rare-earth f- elements. Correlated systems show a breadth of 
peculiar and interesting properties stemming from many-body effects, such as high temperature superconductivity 
in copper oxides, room temperature metal-insulator transition in vanadates, … A fair understanding has been 
obtained at ambient conditions, in particular with the Zaanen-Sawatsky-Allen (ZSA) theory [9], which provides a 
classification of transition metal periodic solids in terms of charge transfer or Mott systems, but the understanding 
of their properties far from ambient conditions remains lacking and challenging.  

The field of superconductivity is no exception. The first high-pressure studies on a superconductor were carried 
out in 1925 by Sizoo and Onnes [10]. In contrast to magnetic materials, which are of technological importance as 
magnetism is stable to temperatures above room temperature, current materials do not become superconducting 
unless they are artificially cooled to low temperatures, an expensive process in real life applications. A 
technology-driven goal for the field of superconductivity research has been to find materials where Tc surpasses 
room temperature. Milestones were obtained, in particular, by applying pressure for both type-I and type-II 
superconductors. Historically, the high-pressure technique led to the discovery of YBa2Cu3O7 (Y-123) [11], one 
of the most important high-Tc superconductors (HTSC). The quest for controlling Tc via pressure isn’t new, 
Ashcroft proposed early that hydrogen-rich materials containing main group elements could exhibit 
superconductivity at large temperatures [12], based on the Bardeen–Cooper–Schrieffer (BCS) [13] phonon-
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Introduction: The overall aim of this project is to identify key physical mechanisms that are driven by the 
quantum many-body effects in transition metal under applied pressure. We will develop a unique set of 
theoretical approaches that will enable new research that include unconventional superconductors,  ordered 
quantum magnets at high pressure,  topological insulators, and shape memory phases. All of these examples 
emerge from a complex soup of many-body quantum interactions, making them difficult systems to understand, 
especially under non-ambient conditions. This project seeks to advance our knowledge of these issues by using 
extreme conditions of pressure to enable a continuous, clean and reversible tuning of quantum interactions, 
thereby shedding light on the building blocks of exotic magnetism and unconventional superconductivity. 

 
Pressure, like temperature, is a basic thermodynamic 
quantity which can be applied in experiment over an 
enormous range, leading to important contributions in 
such diverse areas of science and technology as 
astrophysics, geophysics, condensed matter physics, 
chemistry, biology, and food processing (see, for 
example Ref [1]. One of the most evident examples is 
the case of Alkali metals under compression, described 
by the nearly-free electron (NFE) model as an array of 
ions and delocalised valence electrons which are 
perturbed only slightly by the ionic lattice. But what 
happens when the atoms are pushed closer together by 
an external force – how do the interactions between the 
ions and valence electrons change, and what is the 
effect on the metal’s physical properties?  

 

Compression widens electron bands and decreases energy gaps, with the result that insulators will become metals 
if compressed sufficiently. The kinetic energy of the valence electrons will also rise more rapidly with density 
than their potential energy (assuming a Coulomb interaction), and we might therefore expect metals to become 
more free-electron like at higher densities [2]. Thus we might expect all materials to become NFE metals at very 
high densities. But not all materials behave this simply. Rather, some undergoes a series of phase transitions to 
superconducting [3], complex structural forms [4], sometimes lacking periodicity [5], and with unusual optical 
properties [6]. Remarkably, Na becomes a transparent topological insulator at 200 GPa [7].  

The structural complexity of some materials is such that they were only determined in the last two decades, using 
novel diffraction techniques developed recently [8]. This is in particular due to the localization of valence 
electrons, as under pressure the volume occupied by the incompressible ion cores rapidly increases. The 
localization can induce transitions to insulating forms [7]. The effects of electron localisation and hybridisation 
are applicable to all high-density matter, but is in particular relevant for the large family of correlated materials, 
based on transition metal d- or lanthanide and rare-earth f- elements. Correlated systems show a breadth of 
peculiar and interesting properties stemming from many-body effects, such as high temperature superconductivity 
in copper oxides, room temperature metal-insulator transition in vanadates, … A fair understanding has been 
obtained at ambient conditions, in particular with the Zaanen-Sawatsky-Allen (ZSA) theory [9], which provides a 
classification of transition metal periodic solids in terms of charge transfer or Mott systems, but the understanding 
of their properties far from ambient conditions remains lacking and challenging.  

The field of superconductivity is no exception. The first high-pressure studies on a superconductor were carried 
out in 1925 by Sizoo and Onnes [10]. In contrast to magnetic materials, which are of technological importance as 
magnetism is stable to temperatures above room temperature, current materials do not become superconducting 
unless they are artificially cooled to low temperatures, an expensive process in real life applications. A 
technology-driven goal for the field of superconductivity research has been to find materials where Tc surpasses 
room temperature. Milestones were obtained, in particular, by applying pressure for both type-I and type-II 
superconductors. Historically, the high-pressure technique led to the discovery of YBa2Cu3O7 (Y-123) [11], one 
of the most important high-Tc superconductors (HTSC). The quest for controlling Tc via pressure isn’t new, 
Ashcroft proposed early that hydrogen-rich materials containing main group elements could exhibit 
superconductivity at large temperatures [12], based on the Bardeen–Cooper–Schrieffer (BCS) [13] phonon-
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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.

5.2.2 Hubbard model

The Hubbard model is used to describe the nature of a strongly interacting sys-
tem 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 non-
interacting electron picture and used the Boltzmann transport theory earlier to derive
the transport coefficients for semiconductors and metals. In the case of strongly cor-
related materials, many-body interactions are present rendering the non-interacting
picture irrelevant. Instead, we need to employ Kubo formalism.[189] The finer de-
tails 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 ≫ kBT ≫ t. The thermopower formula

The “standard model” of strongly 
correlated materials 

Kotliar(and(Vollhardt(2004(



Doping : Phase diagram assymetry

Striking properties: Very similar structure? 
Why so different phase diagram? 25
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High-Tc crystal structure
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Nd2CuO2 La2CuO4



o  Strong repulsion Cu, Ud=8eV 

o  Parent compound : one hole / Cu 

o  tpp , tdp : hybridization, +/- signs 

o  Competition : Charge transfer energy / Coulomb repulsion 

o  Mapping to 1 band reliable for large charge transfer energies 

o  Cuprates have intermediate charge transfer energies 

o  Typical LDA values for (Ed-Ep)/tdp are : LSCO=1.95, NCCO=1.38 

o  ZSA paper : strength of correlation is determined by the 
charge transfer energy (for large Ud) (Zaanen et al PRL 55, 418‘85)  

o  LSCO more correlated than NCCO at the LDA level 

Refined theory: d-p model  
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Nd2CuO2 La2CuO4

Undoped with NCCO Tc=30 
• NCCO fully reduced samples (no residula apical oxygens) is 
superconducting at zero doping (Matsumoto et al., condmat/
0805.4463) 
 
• Tc=30K 
 
• Supporting the idea that NCCO  
is not a Mott insulator 
 
• Superconductivity is killed at integer  
• filling by the formaiton of the Mott gap  
• or magnetic pseudo-gap 

• Fully reduced samples 
 

NCCO Experiments : Matsumoto et al., Physica C, 469, 15 ‘09 
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• Supporting the idea that NCCO  
is not a Mott insulator 
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• or magnetic pseudo-gap 
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NCCO Experiments : Matsumoto et al., Physica C, 469, 15 ‘09 
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Is NCO the limit of large displacement?
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Charge transfer energy
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Benchmark of the method
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Predicting trends, chemical design
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Materials dependent properties 

C. Weber, C.-H. Yee, K. Haule, and G. Kotliar, ArXiv e-prints (2011), 1108.3028. 

Materials dependent properties 

C. Weber, C.-H. Yee, K. Haule, and G. Kotliar, ArXiv e-prints (2011), 1108.3028. 

C. Weber et al., Europhysics letters 100, 37001 , 2012

Scaling of Tc,max with the charge-transfer energy in hole-doped cuprates

Cédric Weber, Chuck-Hou Yee, Kristjan Haule, and Gabriel Kotliar
Department of Physics & Astronomy, Rutgers University, Piscataway, NJ 08854-8019, USA

(Dated: August 12, 2011)

We use first-principles calculations to extract two essential microscopic parameters, the charge-
transfer energy and the inter-cell oxygen-oxygen hopping, which correlate with the maximum super-
conducting transition temperature Tc,max across the cuprates. We explore the superconducting state
in the three-band model of the copper-oxygen planes using cluster Dynamical Mean-Field Theory
with an exact diagonalization impurity solver. We find that variations in the charge-transfer energy
largely accounts for the trend in Tc,max across the cuprate families.

PACS numbers: 0.0

Despite an immense body of theoretical and exper-
imental work, we have limited microscopic insights of
which materials-specific parameters govern the trends
in the maximum transition temperature Tc,max across
the copper oxide superconductors. Structurally, all the
cuprate families have in common CuO2 planes which sup-
port superconductivity. They are described by the chemi-
cal formulaXSn�1(CuO2)n, where n CuO2 planes are in-
terleaved with n�1 spacer layers S to form a multi-layer.
These multi-layers are then stacked along the c-axis, sep-
arated by a di�erent spacer layer X. Empirically, it is
known that Tc,max is strongly materials-dependent, rang-
ing from 40 K in La2CuO4 to 138 K in HgBa2Ca2Cu3O8.
Additionally, Tc,max can be tuned both as a function of
doping and the number n of CuO2 planes.

Studies linking the known empirical trends to micro-
scopics have generally established that the properties of
the apical atoms (O, F or Cl, depending on the cuprate
family) are the relevant materials-dependent parameters.
However, conclusions vary regarding their e�ects on elec-
tronic properties, especially in multi-layer cuprates where
not all CuO2 have apical atoms. Early theoretical work
by Ohta, et. al., found correlations between Tc and the
Madelung potential of the apical oxygen, arguing that
the apical potential controls the stability of the Zhang-
Rice singlets [1]. They conclude that d apical

Cu�O, the distance
between the Cu and apical O, is uncorrelated with su-
perconductivity. In a more recent DFT study, Pavarini,
et. al., argue that d apical

Cu�O tunes between the single-layer
cuprate families, a�ecting the electronic structure pri-
marily via the one-electron part of the Hamiltonian [2].
Moving the apical oxygens away from the copper oxide
plane allows stronger coupling of in-plane O 2p orbitals
to the Cu 4s, enhancing the strength of longer ranged
hoppings. This e�ect is characterized by the increase
of a range parameter r ⇥ t⇥/t, describing the relative
strength of the next-nearest neighbor hopping t⇥ to near-
est neighbor hopping t in a one-band model. They find
that materials with larger r have larger Tc,max. Many-
body corrections to t⇥ were included by Yin, et. al. [3].

The development of cluster Dynamical Mean-Field
Theory (c-DMFT) combined with first-principles calcu-

FIG. 1. Parameters of the three-band p-d model for the CuO2

planes in the cuprate superconductors. We show the two
shortest-ranged oxygen-oxygen hoppings tpp and tpp0 , and the
on-site energies �d and �p.

lations [4] has advanced our qualitative and quantitative
understanding of the cuprates [5, 6]. A satisfactory de-
scription of these materials at intermediate temperature
and energy scales has been achieved, and the consensus
is that the cuprates lie in the regime of intermediate cor-
relation strength [7–9] near the Zaanen-Sawatzky-Allen
(ZSA) boundary [10].
In this Letter, we address the origin of the variation of

the experimental Tc,max across the cuprates using recent
advances in electronic structure methods. We carry out
first-principles calculations of the hole-doped cuprates
and downfold to the 3-band p-d model to extract band-
structure parameters. We correlate Tc,max against the
extracted parameters and organize the cuprate families
by the magnitude of their charge-transfer energy. Us-
ing c-DMFT, we explore the superconducting state as a
function of the relevant microscopic parameters, result-
ing in suggestions for possible improvements in materials
design to reach higher critical temperatures.
E�ective low-energy hamiltonians containing the min-

imal set of bands are important tools for understanding
chemical trends. We use the Wien2K code [11] to perform
Linearized Augmented Plane Wave (LAPW) calculations

EXP Theory

ZSA 
boundary

charge 
transfer 
insulator



Tc increase in bi-layer cuprates

Comparaison with INS and RIXS

Inelastic Neutron Scattering Resonant Inelastic X-ray Scattering

Experiment Theory

F Jamet et al., arXiv 2012.04897
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✏z[%] Cu1-Cu2[Å] Cu-AO[Å] Ba-AO[Å]

SO SS SO SS SO SS

0.0 3.39 3.39 2.30 2.30 0.30 0.30

2.0 3.38 3.33 2.21 2.26 0.26 0.29

4.0 3.32 3.28 2.15 2.22 0.22 0.29

TABLE I. Interlayer Cu-Cu spacing (first column), copper
to apical oxygen distance (second column), and vertical com-
ponent of AO to Ba distance (third column). We report dis-
tances for the pristine material (first row), and under uniaxial
strain (✏z). Parameters for ideal (SS) and fully relaxed (SO)
structures are shown (see text).

unfavorable for the superconducting order.

a)

b)

FIG. 2. (Top panel) Tc relative to the unstrained condition
for the SS case (dashed line) and SO case (solid line). Tc

increases in the former case, but decreases in the latter (see
text). The red crosses show the SS case assuming a Poisson
ratio of 0 (basal plane is kept frozen). This shows that the
dominant e↵ect is the change in coupling along the c axis. The
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Fig. 2 shows these results in more detail. Tc is greatly
increased in the SS scenario, and the middle and bottom
panels show how Tc is correlative to magnetic susceptibil-
ity at (⇡,⇡). Both the spin fluctuation and the supercon-
ductivity instability show a similar trend which confirms
that the spin fluctuation are an essential contributor of
the superconductivity. We can also separate the contri-
butions from stretching the c axis from the contributions
by reductions in the basal plane by varying the Poisson
ratio. In one case we used ⌫=0 which freezes the lat-
tice vector in the basal plane (red symbols in Fig. 2). Tc

changes only marginally with ⌫, which indicate that the
main e↵ect are coming from the reduction of the c-axis.
In another scenario, we expand a and b axes about 2%
to match YBa2Cu3O7 epitaxially on an STO substrate
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On the (0, 0)�(⇡,⇡) line, the Cu dx2�y2 in the two
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FIG. 3. Evolution of the Fermi surface against applied strain,
as computed from QSGW++. The Fermi surface (full lines)
is composed of a vertical line originating from the CuO chain,
and other lines from the bilayer coupling as explained in the
text. Strain increases the separation between antibonding and
bonding Fermi sheets for both (a) ideal strain (SS) and (b)
fully relaxed strain (SO). SS and SO di↵er in the degree that
dx2�y2 and dz2 are coupled, as discussed in the text. This is
manifest by the colorbar, which shows the o↵-diagonal compo-
nent |G(Q,!= 0)z2,x2�y2 |, an indicator of the hybridization
between dz2 and dx2�y2 on the Fermi surface.

As shown in Fig. 3, the Fermi surface is formed of three
bands. The two curved lines correspond to the bond-
ing and antibonding dx2�y2 bands noted above. The
interlayer hybridization is strongest at the two antin-
odal points where either Qx=⇡ or Qy=⇡. As strain
is applied, the interlayer distance decreases (Table I).
This increases the interlayer hybridization, which fur-
ther splits the bonding and antibonding dx2�y2 Fermi
surfaces. The antibonding surface becomes flatter and
thus more square. Making the arc more square improves
the nesting of momentum transfer Q=(⇡,⇡) for electrons
living at the antinodal point. In d-wave superconduc-
tivity, it increases the attractive interaction [26, 27], i.e
works constructively for d-wave superconductivity. As
shown in Fig. 4, not only the magnetic susceptibility in-
creases but the nesting vector moves closer to QAF where
the magnetic susceptibility is maximum. These two ef-
fects cumulatively explain the large enhancement of Tc

observed in the SS scenario.
In SO scenario, we observe a similar splitting of the

bonding and antibonding dx2�y2 Fermi surfaces, but with
an important di↵erence. In SO case, the dx2�y2 hy-
bridize with dz2 . This hybridization increases because
relaxation reduces the Ba-AO vertical distance, e.g. by
25% when the c axis is reduced by 4% (Table I). As a
consequence, the AO environment is changed which af-
fects the Cu dz2 orbital. In the unstrained case, dz2 sits
at �1.48 eV below the Fermi level, and it is marginally
changed in the SS case (for ✏z=4% it resides at �1.41 eV)
while in the SO case, dz2 is pushed closer to the Fermi
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increased in the SS scenario, and the middle and bottom
panels show how Tc is correlative to magnetic susceptibil-
ity at (⇡,⇡). Both the spin fluctuation and the supercon-
ductivity instability show a similar trend which confirms
that the spin fluctuation are an essential contributor of
the superconductivity. We can also separate the contri-
butions from stretching the c axis from the contributions
by reductions in the basal plane by varying the Poisson
ratio. In one case we used ⌫=0 which freezes the lat-
tice vector in the basal plane (red symbols in Fig. 2). Tc
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manifest by the colorbar, which shows the o↵-diagonal compo-
nent |G(Q,!= 0)z2,x2�y2 |, an indicator of the hybridization
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As shown in Fig. 3, the Fermi surface is formed of three
bands. The two curved lines correspond to the bond-
ing and antibonding dx2�y2 bands noted above. The
interlayer hybridization is strongest at the two antin-
odal points where either Qx=⇡ or Qy=⇡. As strain
is applied, the interlayer distance decreases (Table I).
This increases the interlayer hybridization, which fur-
ther splits the bonding and antibonding dx2�y2 Fermi
surfaces. The antibonding surface becomes flatter and
thus more square. Making the arc more square improves
the nesting of momentum transfer Q=(⇡,⇡) for electrons
living at the antinodal point. In d-wave superconduc-
tivity, it increases the attractive interaction [26, 27], i.e
works constructively for d-wave superconductivity. As
shown in Fig. 4, not only the magnetic susceptibility in-
creases but the nesting vector moves closer to QAF where
the magnetic susceptibility is maximum. These two ef-
fects cumulatively explain the large enhancement of Tc

observed in the SS scenario.
In SO scenario, we observe a similar splitting of the

bonding and antibonding dx2�y2 Fermi surfaces, but with
an important di↵erence. In SO case, the dx2�y2 hy-
bridize with dz2 . This hybridization increases because
relaxation reduces the Ba-AO vertical distance, e.g. by
25% when the c axis is reduced by 4% (Table I). As a
consequence, the AO environment is changed which af-
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at �1.48 eV below the Fermi level, and it is marginally
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Fig. 2 shows these results in more detail. Tc is greatly
increased in the SS scenario, and the middle and bottom
panels show how Tc is correlative to magnetic susceptibil-
ity at (⇡,⇡). Both the spin fluctuation and the supercon-
ductivity instability show a similar trend which confirms
that the spin fluctuation are an essential contributor of
the superconductivity. We can also separate the contri-
butions from stretching the c axis from the contributions
by reductions in the basal plane by varying the Poisson
ratio. In one case we used ⌫=0 which freezes the lat-
tice vector in the basal plane (red symbols in Fig. 2). Tc

changes only marginally with ⌫, which indicate that the
main e↵ect are coming from the reduction of the c-axis.
In another scenario, we expand a and b axes about 2%
to match YBa2Cu3O7 epitaxially on an STO substrate
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FIG. 3. Evolution of the Fermi surface against applied strain,
as computed from QSGW++. The Fermi surface (full lines)
is composed of a vertical line originating from the CuO chain,
and other lines from the bilayer coupling as explained in the
text. Strain increases the separation between antibonding and
bonding Fermi sheets for both (a) ideal strain (SS) and (b)
fully relaxed strain (SO). SS and SO di↵er in the degree that
dx2�y2 and dz2 are coupled, as discussed in the text. This is
manifest by the colorbar, which shows the o↵-diagonal compo-
nent |G(Q,!= 0)z2,x2�y2 |, an indicator of the hybridization
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As shown in Fig. 3, the Fermi surface is formed of three
bands. The two curved lines correspond to the bond-
ing and antibonding dx2�y2 bands noted above. The
interlayer hybridization is strongest at the two antin-
odal points where either Qx=⇡ or Qy=⇡. As strain
is applied, the interlayer distance decreases (Table I).
This increases the interlayer hybridization, which fur-
ther splits the bonding and antibonding dx2�y2 Fermi
surfaces. The antibonding surface becomes flatter and
thus more square. Making the arc more square improves
the nesting of momentum transfer Q=(⇡,⇡) for electrons
living at the antinodal point. In d-wave superconduc-
tivity, it increases the attractive interaction [26, 27], i.e
works constructively for d-wave superconductivity. As
shown in Fig. 4, not only the magnetic susceptibility in-
creases but the nesting vector moves closer to QAF where
the magnetic susceptibility is maximum. These two ef-
fects cumulatively explain the large enhancement of Tc

observed in the SS scenario.
In SO scenario, we observe a similar splitting of the

bonding and antibonding dx2�y2 Fermi surfaces, but with
an important di↵erence. In SO case, the dx2�y2 hy-
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panels show how Tc is correlative to magnetic susceptibil-
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ductivity instability show a similar trend which confirms
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butions from stretching the c axis from the contributions
by reductions in the basal plane by varying the Poisson
ratio. In one case we used ⌫=0 which freezes the lat-
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is composed of a vertical line originating from the CuO chain,
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bonding Fermi sheets for both (a) ideal strain (SS) and (b)
fully relaxed strain (SO). SS and SO di↵er in the degree that
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manifest by the colorbar, which shows the o↵-diagonal compo-
nent |G(Q,!= 0)z2,x2�y2 |, an indicator of the hybridization
between dz2 and dx2�y2 on the Fermi surface.
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bands. The two curved lines correspond to the bond-
ing and antibonding dx2�y2 bands noted above. The
interlayer hybridization is strongest at the two antin-
odal points where either Qx=⇡ or Qy=⇡. As strain
is applied, the interlayer distance decreases (Table I).
This increases the interlayer hybridization, which fur-
ther splits the bonding and antibonding dx2�y2 Fermi
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thus more square. Making the arc more square improves
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living at the antinodal point. In d-wave superconduc-
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fects cumulatively explain the large enhancement of Tc
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at �1.48 eV below the Fermi level, and it is marginally
changed in the SS case (for ✏z=4% it resides at �1.41 eV)
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found to be imprinted onto the dynamical evolution of the opti-
cal charge-transfer (CT) excitation in the visible range. Within
200 fs from its formation, the mobile charges freeze into local-
ized midgap states owing to the concomitant action of polar
lattice modes and spin fluctuations (16). Finally, the self-trapped
carriers release energy in the form of heat over a picosecond
timescale.

Despite their pioneering contribution, these works have left
several fundamental questions unanswered. First, the use of
cuprate thin films has hindered the study of the charge dynamics
along the crystallographic c axis. Hence, it is unknown whether
the transient metallic state has a purely 2D nature or whether
it also involves a certain degree of interlayer transport. Further-
more, the high temperature employed in these experiments has
masked the observation of possible bosonic collective modes that
cooperate with the charge carriers to induce the IMT.

Here we combine ultrafast optical spectroscopy and first-
principles calculations to unravel the intricate role of the
electron–phonon coupling in the stability of the insulating state
of a prototypical cuprate parent compound. By measuring the
nonequilibrium response of different elements of the optical con-
ductivity tensor, we reveal that rapid injection of particle–hole
pairs in the CuO2 planes leads to the creation of a three-
dimensional (3D) metallic state that has no counterpart among
the chemically doped compounds and is accompanied by a com-
plex motion of the ionic positions along the coordinates of fully
symmetric modes. The information gleaned from our experiment
about the phonons that strongly couple to the mobile charges
is supported by a state-of-the-art theoretical framework that
unveils a striking instability of the insulating state against the
displacement of the same lattice modes. These findings indicate
that the light-induced IMT in cuprates cannot be interpreted as
a purely electronic effect, calling for the involvement of inter-
twined degrees of freedom in its dynamics. More generally, these
results open an avenue toward the phonon-driven control of the
IMT in a wide class of insulators in which correlated electrons
are strongly coupled to fully symmetric lattice modes.

Results
Crystal Structure and Equilibrium Optical Properties. As a model
material system we study La2CuO4 (LCO), one of the sim-
plest insulating cuprates exhibiting metallicity upon hole doping.
In this solid, the 2D network of corner-sharing CuO4 units is
accompanied by two apical O atoms below and above each CuO4

plaquette. As a result, the main building blocks of LCO are
CuO6 octahedra (Fig. 1A) that are elongated along the c axis due
to the Jahn–Teller distortion. The unit cell of LCO is tetragonal
above and orthorhombic below 560 K. A simplified scheme of the
electronic density of states is shown in Fig. 1 B , Left. An energy
gap (�CT ) opens between the filled O-2p band and the unoc-
cupied Cu-3d upper Hubbard band (UHB), thus being of the
CT type. In contrast, the occupied Cu-3d lower Hubbard band
(LHB) lies at lower energy.

First, we present the optical properties of LCO in equilibrium.
Fig. 1C shows the absorptive part of the optical conductivity
(�1), measured via ellipsometry. The in-plane response (�1a ,
solid violet curve) is dominated by the optical CT gap at 2.20 eV
(17, 18). This transition is a nonlocal resonant exciton that
extends at least over two CuO4 units. The strong coupling to
the lattice degrees of freedom causes its broadened shape (18–
20). As such, this optical feature can be modeled as involving
the formation of an electron–polaron and a hole–polaron, cou-
pled to each other by a short-range interaction (18, 21). At
higher energy (2.50 to 3.50 eV), the in-plane spectrum results
from charge excitations that couple the O-2p states to both the
Cu-3d states in the UHB and the La-5d/4f states. In contrast,
the out-of-plane optical conductivity (�1c) is rather featureless
and its monotonic increase with energy is representative of a
particle–hole continuum. This spectral dependence reflects the
more insulating nature of LCO along the c axis, which stems
from the large interlayer distance between neighboring CuO2

planes. As a consequence, over an energy scale of 3.50 eV,
charge excitations in equilibrium are mainly confined within each
CuO2 plane.
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Fig. 1. (A) Crystallographic structure of La2CuO4 in its low-temperature orthorhombic unit cell. The Cu atoms are depicted in black, the O atoms
in red, and the La atoms in violet. The brown shading emphasizes the CuO6 octahedron in the center. (B) Schematic representation of the interact-
ing density of states in undoped insulating (Left) and photodoped metallic (Right) La2CuO4. The O-2p, lower Hubbard band (LHB), upper Hubbard
band (UHB), and quasiparticle (QP) peak are indicated. In the insulating case, the optical charge-transfer gap (�CT) is also specified. The blue arrow
indicates the 3.10-eV pump pulse, which photodopes the material and creates particle–hole pairs across the charge-transfer gap. The multicolored
arrow is the broadband probe pulse, which monitors the high-energy response of the material after photoexcitation. (C) Real part of the optical
conductivity at 10 K, measured with the electric field polarized along the a axis (violet solid curve) and the c axis (brown solid curve). The shaded
area represents the spectral region monitored by the broadband probe pulse in the nonequilibrium experiment. The theory data for the in-plane
response are shown as a violet dashed curve. The a-axis response comprises a well-defined peak in correspondence to the optical charge-transfer
gap around 2.20 eV and a tail extending toward low energies down to 1.00 eV. In contrast, the c-axis response is featureless and increases mono-
tonically with increasing energy, as expected from a particle–hole continuum. Exp. and The. in C refer to the experimental and theoretical results,
respectively.
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Photoinduced 3D Metallic State. We now reveal how these opti-
cal properties of LCO modify upon above-gap photoexcitation.
To this aim, we tune the photon energy of an intense ultra-
short laser pulse above the in-plane optical CT gap energy (blue
arrow in Fig. 1 B , Left), photodoping particle–hole pairs into
the CuO2 planes. We explore an excitation regime between
0.023 and 0.075 photons per Cu atom to exceed the threshold
density needed in LCO for the formation of in-plane metal-
lic conductivity (15). We then use a continuum probe to map
the pump-induced changes of the optical response over the
CT energy scale (schematic in Fig. 1 B , Right and shaded
area in Fig. 1C ). Unlike previous experiments (14, 15, 22),
the combination of a (100)-oriented single crystal, an accurate
polarization-resolved pump–probe analysis, and low tempera-
ture allows us to identify hitherto undetected details of the light-
induced IMT.

Fig. 2 A and B show the spectro-temporal evolution of the
a-axis (��1a) and c-axis (��1c) differential optical conductiv-
ity in response to in-plane photoexcitation. Transient spectra
at representative time delays are displayed in Fig. 2 C and D.
These data are obtained from the measured transient reflectivity
through a differential Lorentz analysis (23, 24), which avoids the
systematic errors of Kramers–Kronig transformations on a finite
energy range.

Injecting particle–hole pairs in the CuO2 planes produces a
sudden reduction in ��1a close to the optical CT excitation and
to its delayed increase to positive values in the 1.80- to 2.00-
eV range (Fig. 2 A and C ). As explained in previous studies
(14, 15), this behavior stems from the pump-induced redistribu-
tion of spectral weight from high to low energy due to several
processes, among which are the ultrafast emergence of in-plane
metallicity, charge localization in midgap states, and lattice heat-
ing. In particular, the latter causes the first derivative-like shape
that gradually arises after several hundred femtoseconds and
becomes dominant on the picosecond timescale (compare the
curve at 1.50 ps in Fig. 2C and ��1a in SI Appendix, Fig. S2 C
produced by the lattice temperature increase).

The same photodoping process also modifies ��1c (Fig. 2 B
and D). At 0.10 ps, a crossover between a reduced and an
increased ��1c emerges around 2.00 eV. Subsequently, the
intensity weakly drops over the whole spectrum and relaxes into
a negative plateau that persists for picoseconds while the system
thermalizes to equilibrium. The response is featureless and one
order of magnitude smaller than its in-plane counterpart. Here
we show that this suppressed background is key to unraveling
invaluable information on the intricate dynamics of LCO.

First, we compare the temporal evolution of ��1 along the
two crystallographic axes and focus on the dynamics close to
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Fig. 2. (A and B) Color-coded maps of the differential optical conductivity (��1) at 10 K with in-plane pump polarization and (A) in-plane and (B) out-of-
plane probe polarization, as a function of probe photon energy and pump–probe time delay. The pump photon energy is 3.10 eV and the excitation photon
density is xph ⇠ 0.06 photons per copper atom. For in-plane probe polarization (A), we observe a significantly reduced ��1 above the optical CT edge at
1.80 eV, due to spectral weight redistribution to lower energies. For out-of-plane probe polarization (B), the depletion in ��1 is considerably weaker and
rather featureless. Oscillatory behavior is visible in the color-coded map, hinting at coherently excited phonon modes. (C and D) Snapshots of the same data
as in A and B at three different pump–probe time delays during the rise (0.10 and 0.17 ps) and the relaxation (1.50 ps) of the response. (E and F) Temporal
traces of ��1 along the a and c axes. Each temporal trace results from the integration over the energy window indicated by the shaded areas in C and D.
The in-plane trace (E) shows a dramatic suppression and slow recovery without clearly visible coherent oscillations. A small peak emerges in the rise of the
response, due to the light-induced metallic state (E, Inset). The out-of-plane trace (F) shows a clear signal that mimics the fast in-plane response, but relaxes
with a tail exhibiting pronounced coherent oscillations (highlighted in Inset).
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Fig. 3. (A) Residual reflectivity change (normalized to the largest amplitude) after subtraction of the recovering background, exhibiting coherent oscil-
lations due to collective bosonic modes. (B) Fast Fourier transform of data in A. The data in A and B refer to different pump and probe polarizations as
indicated in B. The traces have been selected in the probe spectral region that maximizes the oscillatory response (2.00 to 2.20 eV for the violet curve
and 1.80 to 2.20 eV for the brown and the green curves). Different polarizations show the presence of a set of totally symmetric (Ag) phonon modes of
the orthorhombic crystal structure. The asterisks in B indicate the phonon energy measured by spontaneous Raman scattering (25). a.u., arbitrary units.
(C) Calculated eigenvectors of the five modes of Ag symmetry. Black atoms refer to Cu, red atoms to O, and violet atoms to La. Modes Ag(1) and Ag(2)
involve staggered rotations of CuO6 octahedra. Modes Ag(3) and Ag(4) present large c-axis displacements of the La atom, which in turn modify the La–apical
O distance. The only difference between them lies in the displacement of the apical O: While its out-of-plane motion is the same, its in-plane motion occurs
in the opposite direction. Mode Ag(5) is the breathing mode of the apical O. The phonon spectrum has been computed using density-functional theory.

in our experiment involves coherent displacements of the api-
cal O and the La atoms along the c axis, i.e., an oscillating
motion that likely follows the destabilization of the Jahn–Teller
distortion.

Role of the Electron–Phonon Coupling in the Insulator-to-Metal Tran-
sition. Our results indicate that the ultrafast 3D metallization
of LCO is accompanied by a complex structural motion that is
strongly coupled to the delocalized carriers. This motivates us to
study theoretically whether the ionic displacements along the rel-
evant lattice mode coordinates can also influence the electronic
properties of LCO. To this end, we perform advanced calcula-
tions using dynamical mean-field theory on top of a quasiparticle
self-consistent GW approach (QSGW + DMFT) (Materials and
Methods). This recently developed method offers a nonperturba-
tive treatment of the local spin fluctuations that are key for the
electronic properties of undoped cuprates. We benchmark this
technique on the in-plane equilibrium optical properties of LCO.
Fig. 1C shows the calculated �1a for an undisplaced unit cell
(dashed violet curve). The shape of the calculated optical spectra
has a remarkable quantitative agreement with the experimen-
tal data, strongly validating our theory. Our approach accurately
captures the d -p correlations that are pivotal for the Madelung
energy (31), refining the description of the optical absorption
spectrum of correlated insulators (32).

Using this method, we address the influence of distinct lattice
modes on the electronic structure and optical properties of LCO.
We compute the single-particle spectral properties and optical
conductivity within the frozen-phonon approximation, i.e., by
statically displacing the ions in the unit cell along the coordinates

of relevant Raman-active modes. While this adiabatic method
can provide information only on the electron–phonon coupling
in the electronic ground state, it represents a first important
step to elucidate how specific atomic motions affect the elec-
tronic properties of this correlated insulator. Fig. 4 A�C shows
some representative results, whereas SI Appendix, Figs. S13–
S16 provide the full analysis. To emphasize the impact of the
different ionic motions on the optical conductivity, we show spec-
tra obtained upon displacing the unit cell of LCO by 0.04 Å

along different phonon coordinates. However, smaller values
of frozen lattice displacement yield similar results. Surprisingly,
we observe that displacements along each of the Ag modes
induce net metallization along the a axis (Fig. 4 and SI Appendix,
Figs. S13 and S14). The system evolves into a bad metal with an
incoherent quasiparticle peak in the single-particle spectral func-
tion and a broad Drude response in �1a . In contrast, modes with
symmetries other than Ag cause no metallic instability within
the CuO2 planes. We also extend these calculations to the c-
axis optical response and test how the out-of-plane insulating
state of LCO reacts against the same lattice displacements. Cap-
turing the correct onset of the equilibrium optical conductivity
along the c axis is a very demanding computational task, as the
use of electron–hole screening vertex corrections becomes cru-
cial in the presence of very small bandwidths (33). Our current
QSGW + DMFT theory level does not incorporate such ver-
tex corrections and the resulting �1c is blueshifted compared to
the experimental spectrum (SI Appendix, Fig. S15). Neverthe-
less, our approach is sufficiently robust to elucidate the effect
of different ionic motions on the c-axis insulating state. The
results, shown in SI Appendix, Fig. S16 as violet curves, confirm
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Fig. 4. (A � C) Many-body calculations of the in-plane optical conductivity for the La2CuO4 unit cell. Comparison between the response for the undisplaced
structure (brown curve) and the response for the structure displaced by 0.04 Å along the phonon coordinates is indicated (violet curves). For displacements
along totally symmetric modes (an example is shown in A), a metallic state emerges and gives rise to Drude spectral weight below ⇠1.00 eV. In contrast, for
displacements along Bg modes (examples are given in B and C), there is no metallization and hence no impact on the low-energy spectral weight inside the
optical charge-transfer gap.

the trends reported for the Ag modes, establishing that displace-
ments along their eigenvectors cause net metallization also along
the c axis. These findings have three important implications:
1) The spectral region covered by our experiment is sensitive
to the displacements of modes with any symmetry, ruling out
the possibility of a weak Raman cross-section behind the lack
of B1g modes in our experiment; 2) displacements along the
coordinates of modes with a fully symmetric representation can
induce an IMT; and 3) the lattice-driven metallic state has a
3D nature.

Let us discuss the possible contributions that can explain
the observed metallicity in the Ag -displaced structures: effec-
tive doping, change of screening, and modification of orbital
overlaps. Regarding the doping into Cu-3d states, displacements
along the coordinates of all Raman-active modes (except B3g)
lead to an increase in the hole density in the d states relative
to the undisplaced case (SI Appendix, Table S2). In the case of
the Bg modes, this effective doping yields ⇠ 0.4% holes for B1g ,
⇠ 0.3% holes for B2g , and ⇠ 1.5% electrons for B3g . In the case
of the Ag modes (except Ag(1)), the hole doping reaches val-
ues larger than ⇠ 3%. It appears that all of the Raman-active
modes that cause significant effective doping in Cu-3d induce
a transfer of spectral weight to lower energies, leading to weak
metallization. Enhanced screening in the displaced structures
could also lead to the breakdown of the insulating state via
modified effective Hubbard U and CT energies. However, our
estimates of the CT energy for the displaced structures show
very small variation compared to that of undisplaced LCO (SI
Appendix, Table S1). While these changes are typically larger
for modes that lead to metallization, the rather small modifica-
tion of the CT energy alone is unlikely to cause the loss of the
insulating state. Finally, by the principle of exclusion, the orbital
overlaps and thus the hopping integrals between Cu-3d and O-2p
orbitals remain as the main explanation for the emerging metallic
state, due to their high sensitivity to certain lattice displacements.
While we do not explicitly compute values for renormalized hop-
pings here, the momentum-resolved spectral functions for the
displaced structures (SI Appendix, Fig. S13) strongly suggest that
modified hoppings are indeed the most important ingredient in
the observed metallization.

Discussion
The fundamental and technological implications of our results
are noteworthy. On the theory side, we have reported a hitherto
undetected type of IMT, which applies to pure Mott/CT insula-

tors [i.e., devoid of coexisting charge-orbital orders (34–36) and
not lying in proximity to a structural transformation (37–39)].
As such, this IMT can be extended to a wide class of corre-
lated solids (e.g., NiO, iridates, etc.). Moreover, in the specific
case of cuprates, our data enrich the debate around the role
and structure of the electron–phonon interaction (7, 9, 40–46).
In particular, an old puzzle in the field regards the evolution of
the quasiparticle-like excitations from the undoped Mott insu-
lator to the doped compounds (19, 47). This problem is closely
related to the correct identification of the chemical potential and
its behavior upon hole or electron doping. A possible solution of
this paradox was proposed by noting that the coherent quasipar-
ticle scenario fails to describe the Mott insulating state and that a
Franck–Condon type of broadening contributes to the lineshape
of the main band in the single-particle excitation spectrum (19).
In the Franck–Condon scenario, the true quasiparticle peak at
half filling has a vanishingly small weight and the spectrum is
dominated by incoherent sidebands due to shake-off excitations
stemming from the coupling between the electrons and bosonic
collective modes.

Our results add significant insights to this long-standing prob-
lem. First, the combination of our equilibrium optical data
and calculations reinforces the idea that polar lattice modes
cooperate with the electronic correlations to freeze quasiparti-
cles and stabilize the insulating state of LCO (14–16, 22, 48).
This is evidenced by the tail of optical spectral weight extend-
ing down to 1.00 eV in Fig. 1C , at odds with the 1.80-eV
electronic-only gap retrieved by our simulations. This discrep-
ancy can be explained by noting that our theory does not
account for either the electron–phonon or the electron–hole
interactions. As such, the tail emerging below 1.80 eV in �1a

is most likely due to the interplay between excitonic states and
polar lattice modes (49). This observation would clarify why
the energy gap (and the barrier to metallicity) relevant to the
transport and thermodynamic properties of insulating cuprates
is much smaller that the optical CT gap (for LCO the trans-
port gap is estimated around 0.89 eV, at the onset of the tail
in �1a) (50–52). The same polar lattice modes would also be
responsible for the charge–phonon coupling revealed by the
previous photodoping experiments on LCO (14, 15), shaping
the structure of the midinfrared absorption bands (16). On
top of this, our study uncovers that (real) Raman-active lat-
tice displacements can instead induce quasiparticle delocaliza-
tion and trigger an IMT. Taken together, these results con-
stitute additional proof for the role of the crystal lattice in
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Figure 1: THz induced lattice distortions far from Tc in VO2: a) The THz pump and
optical probe setup. Lattice distortions obtained in the calculated phonon eigenvector modes
for b) the 5.7 THz Ag-II mode and c) the 6.8 THz Ag-III mode. Panel d) and e) show the
enlargement of panel b) and c), respectively, of the V (red spheres) and O (blue spheres) edge-
sharing octahedras along the rutile direction. The V-V dimers are located in the center of the
rutile chain (second and third positions from the left). f) The amplitude of phonon excitations
for different terahertz power levels. The power is normalized by the largest intensity considered
in the experiment.
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Figure 2: Ultrafast THz spectroscopy of electron and phonon excitations: a) Average
transmission of the 800nm probe obtained during the heating (blue) and cooling experiments
(red). b) Phonon amplitudes obtained by Fourier transform of the time-resolved THz pump opti-
cal ellipsometry measurements, at different temperatures between 20�C up to 67�C, normalised
by the 5.7 THz mode obtained at 25�C. c) Hysteresis of the phonon amplitudes obtained in b).
(d) Phase diagram of the E-field dependent electronic response obtained by time resolved THz
pump and optical probe transmission at different temperatures (dark blue for low response, and
yellow for high response). At temperature near Tc, T > Tthreshold, and at high electric field
E > Ethreshold, the spectra is dominated by a sudden metallization of VO2 via direct Zener-
Keldysh-like interband tunneling (ZKIT). e) Power dependence of the 800 nm transmission at
two delay points, respectively instantaneous (short) and at 20 ps (long).
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Figure 2: Ultrafast THz spectroscopy of electron and phonon excitations: a) Average
transmission of the 800nm probe obtained during the heating (blue) and cooling experiments
(red). b) Phonon amplitudes obtained by Fourier transform of the time-resolved THz pump opti-
cal ellipsometry measurements, at different temperatures between 20�C up to 67�C, normalised
by the 5.7 THz mode obtained at 25�C. c) Hysteresis of the phonon amplitudes obtained in b).
(d) Phase diagram of the E-field dependent electronic response obtained by time resolved THz
pump and optical probe transmission at different temperatures (dark blue for low response, and
yellow for high response). At temperature near Tc, T > Tthreshold, and at high electric field
E > Ethreshold, the spectra is dominated by a sudden metallization of VO2 via direct Zener-
Keldysh-like interband tunneling (ZKIT). e) Power dependence of the 800 nm transmission at
two delay points, respectively instantaneous (short) and at 20 ps (long).
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From Slater to Mott physics: epitaxial engineering of electronic correlations in oxide 
interfaces 

Random structure search: prediction of a magnetic bound 
state at the FeO2 interface
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Figure 1: Epitaxial engineering of robust high-spin ferrous oxides. a Illustrative band diagrams of
constituent materials LaTiO3, LaFeO3 and the superlattice. The dashed black lines are the aligned Fermi levels.
The black arrow indicates the direction of transferred charge when forming the superlattice. b The magnetic phase
histogram predicted by spin assisted ab-initio random structure searches of the LaTiO3/LaFeO3 superlattice
clamped to the LaAlO3 substrate. The reference structure is the fully relaxed bulk LaAlO3 antiferromagnetic
LaTiO3/LaFeO3 superlattice in the high spin configuration. The phase space is categorised into 4 different types of
magnetic configurations and is ordered by energy. c Orbital resolved density of states for Fe1 (3d) and O ((2p))
majority (positive y-axis) and minority (negative y-axis) spin-species at the LaTiO3/LaFeO3 (1/1) superlattice. d
Relative energy (ER = Esub � Ebulk) stability with respect to the bulk superlattice of the Fe2+(S=2)
antiferromagnetic ground state compared to the excited Fe2+(S=0) nonmagnetic state across different epitaxial
oxide substrates. Solid lines are parabolic to the equation of state.

in the ThZ regime, analogous to what is found at high
pressure in the centre of the Earth.

Results In Fig 1a we show a schematic band diagram
of the electronic reconstruction at the LaTiO3/LaFeO3

interface. Considering only the bulk counterparts, we
note that Ti and Fe are both 3+ and high spin config-
uration, with d1 and d5 filling respectively. When the
LaTiO3/LaFeO3 interface is formed, band alignment of
the oxygen states leads to an effective charge transfer of
one electron from Ti (3d) to Fe (3d) states. Thus the
charge transfer fixes Ti4+ and Fe2+ oxidation states in
the superlattice, where the ferrous iron has the freedom
to occupy either a high- or low-spin configuration.

Using spin-assisted random structure searches we can
explore the phase space of the accessible (ground and
metastable) magnetic states. We use the AIRSS package
[20, 21] interfaced with Quantum Espresso to execute the
search whose primary constraint is the starting spin con-
figuration. As shown in Fig 1b, we obtained a classifica-
tion of the possible spin-states into four categories. The
most likely candidates found have an antiferromagnetic
ordering, occurring in 57% of cases and are followed by

the ferromagnetic structures at 0.07 eV higher in energy,
which occur in 20% of instances. The remaining 23% in-
termediate spin states are characterised by strong spin
and charge disproportions, where a manifold of M⇡⇡ and
M00 like spin density waves emerge at 0.2 eV; finally, at
0.7 eV the phase space is dominated by states with only
a partial charge transfer occurring, wherein residual mo-
ments on one of the Ti ions give rise to a more intricate
magnetic ordering. Thus, the spin-assisted random struc-
ture search outlines the ground state of the heterostruc-
ture, with charge transfer and Fe2+ high spin, and high-
lights the importance of the low-lying ferromagnetic con-
figurations, being the most likely metastable state for
LaTiO3/LaFeO3 with a different magnetic order (see S.I.
for further analysis).

In Fig 1c we characterise the orbital resolved density
of states of the Fe ion. The electron transferred from
Ti (3d) to Fe (3d) sketched in Fig 1a, forms a localized
Fe t2g singlet at the top of the valence band. Near the
Fermi level (minority, �0.5 eV) there is a strongly local-
ized magnetic moment, induced by a spin blocking ef-
fect. Indeed, the minority Fe (3d) spin is localised by

2
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the saturated magnetic moments of its neighbors, a spe-
cific feature of the antiferromagnetic ground state in con-
trast to additional magnetic metastable states (see Fig
S1b). The optimised high spin configuration can be de-
termined through an energetic competition between the
crystal field, super-exchange and Hunds coupling contri-
butions. For an octahedrally coordinated ferrous iron
atom coupled to its nearest neighbour in a crystalline
lattice, we can consider all density-density interactions
U = V + 2J , crystal field splitting � and nearest neigh-
bour super-exchange coupling. We obtain the energy
difference between the low and high spin configuration:
�E2+ = E2+

HS
�E2+

LS
= �8J + 2�� t2/(U + 2J). Using

typical values of, e.g � ⇠ 2 eV, J ⇠ 0.45 eV, U ⇠ 4.8 eV
and t ⇠ 2 eV, [22] the balance between magnetic inter-
actions and crystal field splitting stabilises the high-spin
configuration. Thus, the superlattice inherits the mag-
netic ground state of the parent LaFeO3 constituent, as
the in-plane super-exchange coupling is protected upon
formation of the interface.

We demonstrate in Fig 1d that through the process
of epitaxial engineering the Fe2+ high spin configuration
is particularly robust to in plane strain. Throughout a
range of realistic epitaxial strain amounts (from -5% to
+5 %) there is a consistent ⇡ 1-3 eV energy difference
between magnetic and nonmagnetic configurations. Us-
ing a spin-assisted random structure search (see S.I. Fig
S5 for details) a number of new phases are discovered,
the majority being ferromagnetic that lie between 1-10
meV above the antiferromagnetic phase, as shown in Fig
1d. We notice that, as the in plane states are increasingly
localised through tensile strain, then the relative energy
difference between the ferromagnetic and antiferromag-
netic configurations becomes larger, which is typical of
the onset of a Mott transition. In the opposite limit,
where the in plane states are compressed, the states are
closer in energy, indicative of itinerant magnetism (see
Fig S5c). Additionally, two new phases are predicted
and illustrated in Fig 1c, the first with No Charge Trans-
fer (NCT) and the other with a Partial Charge Transfer
(PCT), both lying about 1 eV above the ground state.
We note that the spin assisted random structure search
always finds structures with a final configuration that is
high spin thus verifying the robustness of the antiferro-
magnetic ground state, finding that it comprises ⇠74%
of all predicted structures.

We further extend the analysis of the many-body phe-
nomena stemming from the epitaxial strain, focusing on
the strong coupling between electronic and lattice degrees
of freedom. We study as a key structural parameter the
ionic radii [24]. Note that we investigate both the ground
state and the metastable configurations. Interestingly we
notice in Fig (2a) that the obtained ionic radii group to-
gether following phase boundaries defined by the charge
and magnetic configurations, e.g. Charge Transfer (CT)
or No Charge Transfer (NCT), Low Spin (LS) or High
Spin (HS). For comparison we include in the diagram
the atomic radii obtained in vacuum configurations as in

Figure 2: Ionic radii phase diagram and
many-body correlation strength. a Ionic radii of Ti
and Fe for the different configurations highlighted in the
shaded regions, respectively for no charge transfer
(NCT) with Ti3+/Fe3+

HS
, charge transfer Ti4+/Fe2+

where Fe being in i) low spin (CT LS), ii) high spin (CT
HS). The ionic radii obtained of the vacuum
configurations (Ref.[23]) corresponding to the nominal
valence and spin states of Ti and Fe (black crosses), are
shown as basins of attraction for the different
charge/magnetic phases, outlined by the gray shaded
regions. The red dashed line connects the configurations
obtained under uniaxial compressive strain (along c-axis
) starting from the ground state heterostructure with
LaAlO3 substrate (star). b shows the dependence of the
volume as a function of the selected substrates within
the CT HS configurations. c (d) shows the fractional
density of states, for O 2p, Fe 3d, and Ti 3d, relative to
the total density for the anti-ferromagnetic HS
(ferromagnetic HS) configurations near the Fermi level
at 0 for three fixed substrates in the Slater, Charge
Transfer and Mott regimes.

Figure S6: Energy differences of the relaxed volumes (squares) of the LaTiO3/LaFeO3

heterostructure with charge transfer from Ti4+ to Fe2+
HS

configuration for different selected
substrates (labels), with respect to the bulk (black star). For LuAlO3and YAlO3

substrates, fitted volumes are also shown (circles) with the associated density of states in
the side panels. Indeed note that LuAlO3and YAlO3 do not follow the same equation of
state as the other substrates. Thus, two energy/volume profiles are added as guide to the
eyes (CT HS (M) and CT HS (S)) corresponding to different character of the eg orbitals,
localised- Mott or itinerant-Slater, shown in the density of states (side panels). The
comparison of the energy of the two systems between the extrapolated volumes (red
circles) and the relaxed ones (green squares), reveals that there is a further energy
reduction when LAO and YAO expand their volume.

10



3

the saturated magnetic moments of its neighbors, a spe-
cific feature of the antiferromagnetic ground state in con-
trast to additional magnetic metastable states (see Fig
S1b). The optimised high spin configuration can be de-
termined through an energetic competition between the
crystal field, super-exchange and Hunds coupling contri-
butions. For an octahedrally coordinated ferrous iron
atom coupled to its nearest neighbour in a crystalline
lattice, we can consider all density-density interactions
U = V + 2J , crystal field splitting � and nearest neigh-
bour super-exchange coupling. We obtain the energy
difference between the low and high spin configuration:
�E2+ = E2+

HS
�E2+

LS
= �8J + 2�� t2/(U + 2J). Using

typical values of, e.g � ⇠ 2 eV, J ⇠ 0.45 eV, U ⇠ 4.8 eV
and t ⇠ 2 eV, [22] the balance between magnetic inter-
actions and crystal field splitting stabilises the high-spin
configuration. Thus, the superlattice inherits the mag-
netic ground state of the parent LaFeO3 constituent, as
the in-plane super-exchange coupling is protected upon
formation of the interface.

We demonstrate in Fig 1d that through the process
of epitaxial engineering the Fe2+ high spin configuration
is particularly robust to in plane strain. Throughout a
range of realistic epitaxial strain amounts (from -5% to
+5 %) there is a consistent ⇡ 1-3 eV energy difference
between magnetic and nonmagnetic configurations. Us-
ing a spin-assisted random structure search (see S.I. Fig
S5 for details) a number of new phases are discovered,
the majority being ferromagnetic that lie between 1-10
meV above the antiferromagnetic phase, as shown in Fig
1d. We notice that, as the in plane states are increasingly
localised through tensile strain, then the relative energy
difference between the ferromagnetic and antiferromag-
netic configurations becomes larger, which is typical of
the onset of a Mott transition. In the opposite limit,
where the in plane states are compressed, the states are
closer in energy, indicative of itinerant magnetism (see
Fig S5c). Additionally, two new phases are predicted
and illustrated in Fig 1c, the first with No Charge Trans-
fer (NCT) and the other with a Partial Charge Transfer
(PCT), both lying about 1 eV above the ground state.
We note that the spin assisted random structure search
always finds structures with a final configuration that is
high spin thus verifying the robustness of the antiferro-
magnetic ground state, finding that it comprises ⇠74%
of all predicted structures.

We further extend the analysis of the many-body phe-
nomena stemming from the epitaxial strain, focusing on
the strong coupling between electronic and lattice degrees
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notice in Fig (2a) that the obtained ionic radii group to-
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Figure S3: The LaTiO3/LaFeO3 heterostructure with electronic reconstuction at the
interface with charge transfer and without charge transfer. For each case, we identify the
nominal charge of the associated layers and the La-O displacement.

Figure S4: Density of slates of the charge transfer high spin (CT HS) configuration across
all the substrates considered in our work with the Fermi level being shifted to the top of
the valence band.The value of the band gap in function of the substrate is also shown.

8

Figure S5: (a) The local O-Ti-O coordinated phase space predicted by by spin assisted
ab-initio random structure searches across the Slater to Mott transition. For each
histogram the energetic ordering goes from left to right. (b) The substrate dependent
behaviour of the bandgap across series of substrates examined. (c) The difference between
the ferromagnetic and G-type I anitferromagnetic configurations across the studied
substrates.
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deriving them directly from F :

F
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+ Exc � Tr (Vxc⇢) + U(R) + µN .

In the DFT case, obviously, H
KS expressed in the KS

basis is a diagonal matrix with the corresponding eigen-
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which is identical to Eq.(3.4). Here, the occupancies are
defined according to the definition (2.3) (except for the
omitted summation on ⌫) as: ok,⌫ = TrG⌫,⌫(k, i!n).
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the definition of S from Ref. 31.
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The last term in this expression, when substituted into
FDMFT

µ
cancels out the last term in Eq.(3.9), and we note
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The last term in this expression, when substituted into
FDMFT

µ
cancels out the last term in Eq.(3.9), and we noteCancellation of derivatives of self-energy, only for free 

energy functional 



CASTEP / QE inter-operability
02 Structure prediction method
The chemical and physical properties of substances depend on their crystal structure, so effective methods are increasingly
needed to predict the crystal structure of materials.

Global minimal point

03 Calculation Detail

Use structure search software to discover the 
structure

Calculate relevant material 
properties, such as DOS 

and band structure

Calculate the relevant 
properties of materials 

using strong correlation

Electron-phonon coupling calculation for 
calculating the superconducting temperature

Further adjustment of the structure by the force 
between the atoms obtained by the strong 

interaction

8

-0.020

-0.010

0.000

0.010

0.020

0.030

0.040

0.050

0.060

-0.06 -0.04 -0.02  0  0.02  0.04  0.06

E
n

e
rg

y
 (

e
V

)

∆z (A)

F
int

E
DMFT

Ce: a=3.89, T=0.01eV

-0.020

-0.010

0.000

0.010

0.020

0.030

0.040

0.050

0.060

-0.06 -0.04 -0.02  0  0.02  0.04  0.06

E
n

e
rg

y
 (

e
V

)

∆z (A)

F
int

E
DMFT

Ce: a=3.81, T=0.01eV

-0.020

-0.010

0.000

0.010

0.020

0.030

0.040

0.050

0.060

-0.06 -0.04 -0.02  0  0.02  0.04  0.06

E
n

e
rg

y
 (

e
V

)

∆z (A)

F
int

E
DMFT

O: a=3.89, T=0.01eV

-0.020

-0.010

0.000

0.010

0.020

0.030

0.040

0.050

0.060

-0.06 -0.04 -0.02  0  0.02  0.04  0.06

E
n

e
rg

y
 (

e
V

)

∆z (A)

F
int

E
DMFT

O: a=3.81, T=0.01eV

Figure 1. Energy profiles (blue points) in Ce2O3 when displacing Ce (top row) and O (bottom row) along z direction. Left
column corresponds to a = 3.89 Å, while right column corresponds to a = 3.81Å. The red curves correspond to the energy
profiles derived from integrating the analytical DFT+DMFT forces.

distribution and arise from the pseudization procedure.
It inherits the useful properties of the DFT+Embedded
DMFT functional28 and, in particular �P

�G
= 0, and,

therefore, the terms most difficult to calculate cancel
out from the final result. Plane-wave basis, employed
within our implementation, greatly simplifies the formal-
ism by avoiding calculation of the augmentation charges.
Our formalism is implemented within the DMFT frame-
work inside CASTEP ab-initio code, which in the past al-
ready allowed for precise total energy calculations within
DFT+DMFT21. Our approach is general and suitable
for both norm-conserving and ultra-soft pseudopoten-
tials. Moreover, it does not use any specific DMFT solver
property and, hence, works equally well with all solvers.
We have presented the benchmark of our approach on
the example of Ce2O3, which showed excellent agree-
ment between the forces analytically calculated within
our approach and the forces obtained from numerical
differentiation of the total energy at very low temper-
ature. In addition, we have compared the total energy
profiles against the integrated forces profiles which also
showed excellent agreement. We analyzed the differences

of atomic forces within DFT, one-shot DFT+DMFT and
full charge self-consistent DFT+DMFT on the example
of Ce2O3. Our approach allows for quick and reliable
force calculations within fully self-consistent pseudopo-
tential DFT+DMFT and paves the way to the structural
optimization, phonon and molecular dynamics calcula-
tions within DFT+DMFT.
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FIG. 1. Many-body corrections to the superconducting temperature. We report (a) the superconducting temperature
Tc obtained by the Allen and Dynes formalism, (b) the electron-phonon coupling strength � and (c) log(!), as a function of
the Hund’s coupling J. The spectral weight at the Fermi level is obtained at different levels of approximation: i) DFT PBE
(horizontal light blue short-dashed line), ii) with many-body corrections obtained by one-shot dynamical mean-field theory
(DFT+DMFT, filled black squares), and iii) with the fully charge self-consistent formalism (DFT+DMFT+CSC, filled red
circles). The many-body corrections systematically improve the DFT Tc in the direction of the experimental value (horizontal
long-dashed line). The one-shot DMFT provides a large increase of the superconducting temperature, overshooting largely the
experimental value, which is concomitant with a sizeable increase of log(!). The charge self-consistency mitigates this effect—
log(!) remains in-line with the PBE value— and in turns reduces the Tc. The physical value of the Hund’s coupling for Ce
(J ⇡ 0.6 eV) is reported by the vertical dashed line in all panels. All calculations were performed in the P6(3)/mmc phase of
CeH9 at 200 GPa.

charge self-consistency mitigates this effect (log(!) re-
mains in-line with the PBE value), and in turns reduces
the Tc. This confirms that many-body effects have a
sizeable contribution to the prediction of the supercon-
ducting temperatures in lanthanide hydrides. Note that
we use J = 0.6 eV though out the rest of the paper.

Although DMFT readily provides important correc-
tions to the electronic character, it is worthwhile to ex-
plore its effect on the structural properties. As the com-
putational overhead to perform many-body corrections
remains significant, calculating forces with finite atomic
displacement is not tractable. Recent progress has how-
ever been made in this direction [20], in particular with
the generalisation of the Hellmann-Feynmann theorem
for DMFT in presence of ultra-soft pseudo-potentials [19]
in CASTEP [21]. This generalisation opens new avenues
for systems with heavy elements, not well suited for all-
electron calculations. We report in Fig. 2 the structural
relaxation at 200 GPa. We typically obtain corrections
for the bond lengths of order 4%. As expected, many-
body effects tend to increase the length of Ce-H bonds,
associated with a reduction of the hybridisation induced
by electronic correlations. This bond length increase is
also concomitant with a small increase of the minimum
H-H distance. The volumetric density is also weakly af-
fected by many-body effects, as the pressure obtained
from DFT+DMFT+CSC calculations on the DFT struc-
ture yields 216 GPa. We hence conclude that DFT is a
reasonable approximation for the structural properties of
CeH9.

The lattice dynamics for CeH9 (see Fig. 3) leads to
a typical phonon gap for lanthanide clathrates (between

(a)

(c)

P6(3)/mmc

FIG. 2. Structural relaxation of clathrate lanthanides
with many-body corrections. We report the structural
relaxation of the CeH9 (panel a and c) and prototype PrH9

(panel b and d) compounds. All calculations are performed
at 200 GPa. The volume density is obtained by the equa-
tion of state in DFT+DMFT+CSC that provides very sim-
ilar results to PBE (not shown). Internal coordinates are
relaxed with DFT+DMFT+CSC, building upon the recent
implementation of DFT forces for ultra-soft pseudo-potentials
[19]. We report the forces and total energies obtained during
the structural optimisation, respectively, in panel a (b) for
CeH9 (PrH9). Convergence is obtained within 25 iterations.
The shortest H-H and Ce-H bond lengths increase throughout
the structural optimisation (see panel c and d for Ce and Pr
hydrides, respectively).
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FIG. 1. Many-body corrections to the superconducting temperature. We report (a) the superconducting temperature
Tc obtained by the Allen and Dynes formalism, (b) the electron-phonon coupling strength � and (c) log(!), as a function of
the Hund’s coupling J. The spectral weight at the Fermi level is obtained at different levels of approximation: i) DFT PBE
(horizontal light blue short-dashed line), ii) with many-body corrections obtained by one-shot dynamical mean-field theory
(DFT+DMFT, filled black squares), and iii) with the fully charge self-consistent formalism (DFT+DMFT+CSC, filled red
circles). The many-body corrections systematically improve the DFT Tc in the direction of the experimental value (horizontal
long-dashed line). The one-shot DMFT provides a large increase of the superconducting temperature, overshooting largely the
experimental value, which is concomitant with a sizeable increase of log(!). The charge self-consistency mitigates this effect—
log(!) remains in-line with the PBE value— and in turns reduces the Tc. The physical value of the Hund’s coupling for Ce
(J ⇡ 0.6 eV) is reported by the vertical dashed line in all panels. All calculations were performed in the P6(3)/mmc phase of
CeH9 at 200 GPa.
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mains in-line with the PBE value), and in turns reduces
the Tc. This confirms that many-body effects have a
sizeable contribution to the prediction of the supercon-
ducting temperatures in lanthanide hydrides. Note that
we use J = 0.6 eV though out the rest of the paper.

Although DMFT readily provides important correc-
tions to the electronic character, it is worthwhile to ex-
plore its effect on the structural properties. As the com-
putational overhead to perform many-body corrections
remains significant, calculating forces with finite atomic
displacement is not tractable. Recent progress has how-
ever been made in this direction [20], in particular with
the generalisation of the Hellmann-Feynmann theorem
for DMFT in presence of ultra-soft pseudo-potentials [19]
in CASTEP [21]. This generalisation opens new avenues
for systems with heavy elements, not well suited for all-
electron calculations. We report in Fig. 2 the structural
relaxation at 200 GPa. We typically obtain corrections
for the bond lengths of order 4%. As expected, many-
body effects tend to increase the length of Ce-H bonds,
associated with a reduction of the hybridisation induced
by electronic correlations. This bond length increase is
also concomitant with a small increase of the minimum
H-H distance. The volumetric density is also weakly af-
fected by many-body effects, as the pressure obtained
from DFT+DMFT+CSC calculations on the DFT struc-
ture yields 216 GPa. We hence conclude that DFT is a
reasonable approximation for the structural properties of
CeH9.

The lattice dynamics for CeH9 (see Fig. 3) leads to
a typical phonon gap for lanthanide clathrates (between

FIG. 2. Structural relaxation of clathrate lanthanides
with many-body corrections. We report the structural
relaxation of the CeH9 (panel a and c) and prototype PrH9

(panel b and d) compounds. All calculations are performed
at 200 GPa. The volume density is obtained by the equa-
tion of state in DFT+DMFT+CSC that provides very sim-
ilar results to PBE (not shown). Internal coordinates are
relaxed with DFT+DMFT+CSC, building upon the recent
implementation of DFT forces for ultra-soft pseudo-potentials
[19]. We report the forces and total energies obtained during
the structural optimisation, respectively, in panel a (b) for
CeH9 (PrH9). Convergence is obtained within 25 iterations.
The shortest H-H and Ce-H bond lengths increase throughout
the structural optimisation (see panel c and d for Ce and Pr
hydrides, respectively).
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FIG. 3. Lattice dynamics of CeH9 at high pressure.(a) Phonon dispersion relation, (b) Eliashberg function ↵2F (!) and
(c) phonon density of states for the P6(3)/mmc phase of CeH9 at 200 GPa. The phonon density of states is resolved in the Ce
and H contributions. The dominant contribution to the Eliashberg function is due to the hydrogen vibrational modes located
above the phonon gap (! > 750cm�1).

⇡ 300 to 750cm�1), and high frequency modes dominated
by Hydrogen character (⇡ 750 to 2000cm�1). The latter
leads to a large weight in the Eliashberg function between
0.1 to 0.25eV, i.e. in the region that mostly contributes
to the electron-phonon coupling strength �. The effect
of many-body corrections is indicated in Fig. 3.b, with
an increase in the latter energy region due to the DMFT
corrections (the trend follows the one observed in Fig
1.a).

The changes highlighted above stem directly from a
spectral weight transfer induced by many-body correc-
tions (see Fig. 4.a). In DFT, the Ce system is described
by a two band system in absence of long-range magnetic
order. We note that DFT is a single Slater determinant
approach, and hence can not capture the role of param-
agnetism, with an associated magnetic multiplet (fluctu-
ating magnetic moment). Such effects typically induce a
splitting of spectral features into satellites, as observed in
Figs. 4.b,c, with a resulting large increase of f-character
at the Fermi level. As sharp Ce features occur near the
Fermi level, we emphasize that a high level of theory is
required to capture correctly the superconducting prop-
erties. For instance, in our calculations the full charge
self-consistent approach (DFT+DMFT+CSC) induces a
small shift of the sharp Ce feature at the Fermi level,
which in turns mitigates the f character increase at the
Fermi level.

As the role of f electronic orbitals is paramount for the
superconducting properties, we study a prototype lan-
thanide clathrates with higher f occupations, by consid-
ering the aliovalent praseodymium hydride PrH9. We
note that this system is only metastable at 200 GPa
in experiments [22], although stable in the pressure
range 90 � 140 GPa with a superconducting tempera-
ture Tc = 55K above 110 GPa. We report in Fig. 5
the DFT+DMFT+CSC framework applied to PrH9 in
the P6(3)/mmc phase at 200 GPa. We obtain a theo-
retical estimate of Tc = 70K, in qualitative agreement

FIG. 4. Spectral weight transfer induced by many-
body corrections.(a) Electronic band structure and (b) den-
sity of states obtained by DFT calculations. Glat and Gimp

denote the spectral weight obtained by the imaginary part of
respectively the lattice and f impurity Green’s function, cor-
responding to the spectral weight traced over all orbitals and
traced over the f orbitals, respectively. In (c) and (d) we show
the energy-resolved spectral weight, obtained respectively by
the one-shot DFT+DMFT and the full charge self-consistent
DFT+DMFT+CSC. All calculations were performed in the
P6(3)/mmc phase of CeH9 at 200 GPa.

with the experimental value obtained at lower pressure,
where the P6(3)/mmc phase is stable. In line with the
CeH9 calculations, DFT also underestimates the critical
temperature of PrH9, with Tc = 12K for µ? = 0.1.

We attribute the decrease in Tc with the higher f-
occupation, which shifts the chemical potential away
from the f- spectral features present near the Fermi level
(see Fig. 5.a). As expected, the lattice dynamics (see Fig.
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04 Structure prediction and stability

Fig . computed stable structure of LaH16 at 250GPa 

04 Characteristics for rich-hydrogen material P6/MMM-LaH16

Fig. Structural relaxation of clathrate lanthanides with many-body corrections. All calculations are performed at 250 GPa.  
Internal coordinates are relaxed with DFT+DMFT+CSC, building  upon  the  recent  implementation  of  DFT  forces  for  
ultra-soft  pseudo-potentials.   We report the forces and total energies obtained during the structural optimization for LaH16. 

04 Phonon of P6/MMM-LaH16

Fig. The phonon DOS of LaH16 under 250GPa
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