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6.2 Eva Pavarini

It would indeed be remarkable if Nature fortified herself against further advances in knowledge
behind the analytical difficulties of the many-body problem. (Max Born, 1960)

1 The many-body problem

Most of chemistry and solid-state physics is described by the Hamiltonian

1
H=—§;v2 Z\r,—r/ Z]rz R.| Z2M Z\R R

14!
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where {r;} are the coordinates of the N, electrons, {R,,} those of the N,, nuclei, Z, the atomic
numbers, and M, the nuclear masses. The Born-Oppenheimer product Ansatz ¥ ({r;}, {R,}) =
Y({r:}; {Ra})P2({Rs}) simplifies the problem. The Schrodinger equation for the electrons,
H 1 = ey, with

. 1
He = _§§i:vz ;m—rz Z|rl Z|R R

= Te+‘>ee+‘/en+vnn; (1)

Ol| 04|

has however a simple solution only in the non-interacting limit (Vee = 0). In this case, H, is
separable as H, = > hO(x;) + Vi, with

. 1 Z 1
helr) = =3 Za Ir — R, 3V VelT):

In a crystal the external potential vy (r) is periodic, the eigenvectors of h?(r) are Bloch func-
tions, 1, (). The eigenvalues are the corresponding band energies, ¢, . Many-electron (N, >
1) states may be obtained by filling energy levels ¢, with electrons and anti-symmetrizing the
wave-function according to the Pauli principle (Slater determinant). For a half-filled band de-
scribed by the dispersion relation ¢y, such a Slater determinant has the form

Vigt(r1)  Yigr(r2) 0 Yigr(ra)
Vg (r1) g (r2) 0 g (r,)

({ri; {Ra}) = 2)

T/Jk%T(rﬁ wk%T(rz) wkzxéeT(rNe).
T/Jk%l(rl) lﬂk%i(rz) ¢k%1(1‘1v€)

Unfortunately, the electron-electron repulsion is strong, and the non-interacting electrons ap-
proximation is insufficient to understand real materials. Because V.. is not separable, with
increasing V., finding the solution of the Schrodinger equation H.1y) = 1 becomes quickly an
unfeasible task, even for a single atom.

A big step forward was the development of density-functional theory (DFT) [1,2], described
in detail in the Lecture of Peter Blochl. DFT is based on the Hohenberg-Kohn theorem, which
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establishes the one-to-one correspondence between the ground-state electron density n(r) of an
interacting system and the external potential ve(r) acting on it. For any material described by
the Hamiltonian (1), the ground-state total energy is a functional of the electron density, F[n],
which is minimized by the ground-state density. F[n] can be written as

EW:FM+/M%MMMHJ%:FM+VM+QW

Fln] = T.[n| + E.c[n], the sum of the kinetic and electron-electron interaction energy, is a
(unknown) universal functional (the same for all systems). V'[n] is the system-specific potential
energy. The shift £,,,, is the nucleus-nucleus interaction energy. The obstacle is that finding n(r)
still requires, in principle, the solution of the many-body problem (1). Kohn and Sham have
shown, however, that n(r) can be obtained by solving the Schrodinger equation of a fictitious
non-interacting system, whose external potential vz(r) is chosen such that the ground-state

density ny(r) equals n(r)

n(r) = no(r) = Y [u(r).
To obtain the Hamiltonian /9(r) of such an auxiliary problem we rewrite F'[n] as
1 r)n(r
FM:%W+EWWH%M:%W+§/ﬂ/ﬁ%%%%+QML

where Tg[n] is the kinetic energy of the auxiliary system, F[n] the classical electrostatic (or
Hartree) energy, and E,.[n| is the small exchange-correlation correction,

E,.[n] = E.c[n] — Eg[n] + T.[n] — To[n)].

By minimizing the total energy with respect to {1, }, with the constraint (¢,,|1,/) = ../, We
find the Kohn-Sham equation

RO(E) tha(r) = [ 72+ v (D)iha(r) = 2tia(r) @

The eigenvalues ¢,, are the Lagrange multipliers which enter the minimization through the con-
straint. The external (or reference) potential is given by

B Zy, , n(r')  0E.[n]
”R(r)__;rr—w+/drrr—r'\+ on

The exchange-correlation functional is unknown, and includes a Coulomb (E..[n] — Eg[n])

and a kinetic energy (7.[n] — To[n]) term. The latter can be transformed into a correction of the
Coulomb term by means of a coupling-constant integration: The interaction V.. is rescaled by
a parameter A (with 0 < X\ < 1), while keeping n(r) fixed; this constraint is fulfilled through
a reference potential v3(r). Using the Hellmann-Feynman theorem to calculate 88%, where
E\ = (U,\|H,|¥,) is the ground-state energy at coupling constant A, and then integrating over
A to obtain F; — Ej, one may show that

Euln] = / dr / o @) (e r) ~ 1)

v — '

)
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where .
§(r,r’):/ dX ga(r,r').
0

The quantity n(r,r') = 3, n(ro,r'0’) = n(r')n(r)gx(r, 1') is the joint probability of finding
electrons at r and r’. The function g, (r,r’) is the pair-correlation function. It can be shown that
ga(r,r’) — 1 vanishes in the large |r — r’| limit.

In the Hartree-Fock approximation, in which the wavefunction is a Slater determinant, e.g. (2)

2
Ne/2

n(ro,r'c’) = n(ro)n(r'c’) — 6y Z Vo (D)o ()] 4)

where the last term accounts for the Pauli exclusion principle (exchange) and cancels the un-
physical interaction of each electron with itself (self-interaction) present in the Hartree energy.
The following sum rule holds for the pair-correlation function

[ n@)ontrx) - 1) = -1 )

This —1 is, in atomic units (Appendix A), a positive charge —e. The exchange-correlation en-
ergy E..[n| may thus be interpreted as the energy gain due to the interaction of each electron
with an exchange-correlation hole with charge density n(r’')(g,(r,r’) — 1) surrounding it. Since
the exchange hole described by Eq. (4) already satisfy the sum rule (5), the remaining correla-
tion hole redistributes the charge density of the hole. In the one-electron case (N, = 1), E,.[n]
merely cancels the Hartree self-interaction energy.

The main difficulty of DFT is to find good approximations to E,.[n]. The most common is
the local-density approximation (LDA), in which FE,.[n] is replaced by its expression for a
homogeneous interacting electron gas with density equal to the local density n(r)

E.[n] = /dreE?A(n(r))n(r). (6)

The LDA is particularly justified in systems with slowly varying spatial density n(r). For such
materials, we could split space into regions in which the density is basically constant and the
system can indeed be described by a homogeneous electron gas; if we add up the contributions
of all these regions of space we obtain the integral (6). The spin-polarized extension of the
local-density approximation is the local spin-density approximation (LSDA).

The ground-state electron-density n(r) can be obtained by solving (3) self-consistently. Vari-
ous successful methods have been developed to find the eigenvalues and eigenvectors of (3),
for solids and molecules. They are based on atomic-like orbitals (LMTO, NMTO), plane-
waves (pseudopotentials), combinations of both (LAPW, PAW), gaussians, or Green functions
(KKR) [3]. Through the years, DFT and the LDA have provided insight not only in solid-state
physics, but also in chemistry and even in systems of biological interest. For this reason DFT
became the standard model for electronic-structure calculations [1-3]. Strictly speaking, the
Kohn-Sham energies ¢,, have no physical meaning except the highest occupied state, which
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Fig. 1: LDA solution of the Schrédinger equation for a single atom: 47r?| R, (r)|?/ap as a
function of the distance from the nucleus, r /ag (atomic units, Appendix A). Blue: Cu 3d. Black:
Cu 4s. The 2p orbital of a F atom in v = 4ap is also shown (green). Cu has the electronic
configuration [Ar] 3d*°4s' and F the configuration [He] 2s*2p°.

yields the ionization energy, and their identification with one-particle energies is not justified.
The Kohn-Sham orbitals 1/, (r) are just a tool to generate the ground-state density n(r). Never-
theless, in practice Kohn-Sham orbitals turned out to be very useful to explain the properties of
solids. Fermi surfaces, chemistry and many features of the electronic structure are qualitatively
and often quantitatively well described by DFT in the LDA approximation or its extensions.
The energy gap of semiconductors is underestimated, but can be corrected within many-body
perturbation theory (GW approximation, discussed in the Lecture of Karsten Held).

LDA fails to capture, however, the essential physics of strongly-correlated systems, even at a
qualitative level. At the center of this discrepancy are many-body effects between electrons in
open d or f shells. Since these electrons are very localized, the Coulomb repulsion between
them is significant. When Coulomb repulsion is strong, electrons lose their individuality: The
dynamics of a single electron depends on the position of all others, the Coulomb repulsion of
which it has to avoid (electrons are strongly correlated), and cannot be described by a refer-
ence mean-field potential. This happens for example in the case of Mott insulators. Because
the Kohn-Sham Hamiltonian (3) with the LDA exchange-correlation potential describes inde-
pendent electrons, many-electron states can be built from the Kohn-Sham orbitals as a single
Slater determinant. Thus, a non-magnetic crystal with an odd number of electrons per unit cell
has partially filled bands because of spin degeneracy, and therefore is metallic. However, due
to Coulomb repulsion, several transition-metal compounds with partially filled d shells are in-
sulating, paramagnetic above the Neel temperature 7T, and sometimes exhibit a large gap. In
Fig. 1 the extensions of the atomic radial functions for the outer orbitals, 3d and 4s, of Cu can
be compared. While for 3d electrons the radial function decays very rapidly with distance, for
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Fig. 2: Crystal structure, distortions and orbital order in KCuFs. Cu is at the center of F
octahedra enclosed in a K cage. The conventional cell is tetragonal with axes a, b, c. The
pseudocubic axes X, 'y, z pointing towards neighboring Cu are shown in the corner. Short (s)
and long (1) CuF bonds alternate between x and 'y along all pseudocubic axes (co-operative
Jahn-Teller distortion). The distortions are measured by 6 = (1 —s)/(1+5)/2 and v = c/a/2.
R is the experimental structure (v = 0.95, 0 = 4.4%), Rs (v = 0.95) and I5 (v = 1) two
ideal structures with reduced distortions. In the Iy structure the cubic crystal-field at the Cu
site splits the 3d manifold into a ty, triplet and a e, doublet. In the R structure, site symmetry is
lowered further by the tetragonal compression (v < 1) and the Jahn-Teller distortion (§ # 0).
The figure shows the highest energy d orbital. From Ref. [4].

4s electrons it is still sizable ~ 2 A away from the nucleus, a typical interatomic distance in a
lattice. Thus in a crystal 4s electrons are likely to form delocalized states, while 3d electrons
tend to retain part of their atomic characteristics.

As example we take KCuF3. This system has a perovskite structure, shown in Fig. 2, with
each Cu surrounded by a F octahedron. The nominal valence for K, Cu and F is K+ (4s°), F~
(2p°), Cu?* (3d%4s%). The cubic crystal field at the Cu site splits the partially filled 3d levels
into the lower energy t», (|2y),|x2),|yz)), and the higher energy e, (|2? — y?),|32* — r?))
manifold; the electronic configuration is tggeg
tetragonal compression further reduce the site symmetry of Cu, and the e, doublet splits into

. The co-operative Jahn-Teller distortion and the

|31> — 1) and |s? — 2%). Because long (/) and short (s) CuF bond alternate between x and y

along all cubic axes, the highest energy d orbitals, |s> — 22), form the pattern shown in Fig. 2.
The LDA band structure of KCuFj3 is shown in Fig. 3. We can identify the bands from their
main character as F p-like (filled), Cu ty,-like (filled), Cu e4-like (occupied by 3 electrons),

Cu s- and K s-like (empty). The Fermi level is located in the middle of the e,-like bands.
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Fig. 3: LDA band structure of KCuF's. Blue: Cu ey-like bands. Red: Cu ty4-like bands. Black:
filled F p-like bands and empty bands.

Thus LDA predicts that KCuF;3 is a metal, although it actually is an insulator (paramagnetic
down to Ty = 40 K). A similar problem occurs in many other transition-metal compounds with
partially filled d shells: manganites, vanadates, titanates. This discrepancy cannot be solved
by simple improvements of the LDA functional. Coulomb repulsion effects beyond mean field
are essential to understand the origin of the insulating state in these materials. Other systems
for which similar considerations apply are heavy fermions and Kondo systems (f electrons) or
organics (molecular crystals).

2 Low-energy models

Lacking a working ab-initio theory, strongly-correlated systems have been studied for a long
time through low-energy model Hamiltonians. Within this approach only the states and inter-
actions believed to be most important to describe a given phenomenon are considered. Models
can be justified on the ground that at low energy, high-energy degrees of freedom can be, in
principle, projected out (downfolded), in the spirit of Wilson renormalization group. Their main
effect is assumed to be included implicitly in the low-energy model through a renormalization
of parameters. In LDA strongly-correlated transition-metal compounds usually have narrow d
bands close to the Fermi level (see Fig. 3) and thus the d bands, or a subgroup of those (e,-bands
for KCuFs) are believed to be the essential degrees of freedom. The minimal model to describe
a system with a narrow band at the Fermi level is the Hubbard model

H=t Y ey, + U iy = Ho+ 0, ™

o(it’)
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where CZU (c;,) creates (destroys) an electron with spin o at site %, 1;, = cjgcw gives the i-
site occupancy per spin, ¢ is the hopping integral between first neighbors, and U the on-site
Coulomb repulsion.

In the non-interacting limit (U = 0), the Hamiltonian (7) can be written in diagonal form

o + _ R
HO = E EkCysCro — EkNko-
ko ko

The band energy is givenby e = —t >,y €™ R ") where R, are lattice vectors, and N is

the number of sites; the operator CLJ is the Fourier transform of C;rg, ie., clta = \/Lﬁ S, ek R cj-a,
and Ny, = CLU Cx- At half-filling (N, = V), the ground state is paramagnetic and metallic.

In the atomic limit (f = 0), the model (7) describes instead an insulating collection of indepen-
dent atoms with disordered magnetic moments.

Thus the Hubbard model captures the essence of the paramagnetic metal to paramagnetic insu-
lator (Mott) transition, and can qualitatively explain why systems like KCuF3 are paramagnetic
insulators in a large temperature range. Furthermore, it explains the fact that KCuF5; and most
strongly-correlated transition-metal compounds have an antiferromagnetic ground state. For
small ¢/U, by downfolding doubly occupied states, the Hubbard model (7) can be mapped onto
a spin 1/2-antiferromagnetic Heisenberg model

= ey Y [si S, - %nn} ,
(i)

with coupling Japy = 4t?/U. Thus at low temperature, when charge fluctuations play a minor
role, a transition to an antiferromagnetic state can take place. In strongly-correlated transition-
metal compounds, where the hopping ¢ between correlated d states is mediated by the p orbitals
of the atom between two transition metals (e.g., F p states in KCuFj3, Fig. 2), this many-body
exchange mechanism is called super-exchange. Because the Hubbard model can be solved
exactly only in special cases (e.g., in one dimension), it was for a long time impossible to
understand the nature of the Mott transition within this model. Understanding real materials
appeared even less likely. Progress came with the development of the dynamical mean-field
theory (DMFT) [5]. In DMFT, the Hubbard model, which describes a lattice of correlated sites,
is mapped onto an effective Anderson model, which describes a correlated impurity

He = Z Exlko + Ed Z Nao + Unarnay + Z(de hods + Via dicy,).
ko o ko

Here d! (d,) creates (destroys) an electron at the impurity site, and 7, = did_ counts the
number of electrons on the impurity; CLG (c,) creates (destroys) a bath electron with energy
€k, and Vi is the hybridization between bath and impurity. This auxiliary quantum-impurity
model is solved self-consistently. The solution is found when the interacting Green function
G (w) of the auxiliary model equals the local Green function G;;(w) of the Hubbard model (7)

_ _ 1 _ p(e)
G(w)_G”(w)_Fk Z w+p—ex— X(w) _/dgw—i—u—e—ﬂ(w)' ®)

keBZ
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Here 1 is the chemical potential, the sum is over Ny k-points of the Brillouin Zone (BZ), ¥'(w)
is the self-energy of the quantum impurity model and p(¢) is the density of states. The self-
energy X' (w) can be obtained from the Dyson equation of the impurity problem

G Hw) = G Hw) + XD(w), 9)

where G(w) is the non-interacting Green function of the Anderson model (bath Green function).
The main approximation in DMFT consists in neglecting spatial fluctuations in the lattice self-
energy; this approximation becomes exact in the limit of infinite coordination number [5]. The
Anderson model is a full many-body Hamiltonian, known since long in the framework of the
Kondo effect [6], but, in contrast to the original Hubbard model, it describes only a single cor-
related site. It can be solved numerically with different approaches (quantum-impurity solvers):
the numerical renormalization group [6], various flavors of quantum Monte Carlo (QMC) [7,8],
Lanczos [9], or other methods [6,10]. Some of the most important solvers are presented in the
Lectures of Erik Koch, Nils Bliimer, and Philipp Werner. If we use QMC, we have to work
in imaginary time/frequencies, and replace the frequency w in (8, 9) with iw,,, where w,, are
Fermionic Matsubara frequencies, w,, = (2n + 1)7kgT', and T is the temperature.

The DMFT approach is discussed in detail in the Lecture of Marcus Kollar. We recall here
some important conclusions obtained by studying the half-filled Bethe lattice, described for
U = 0 by a semi-elliptical density of states [10]. In the Fermi-liquid regime (metallic phase,
low temperature, w ~ 1 = 0), the self-energy can be expanded as

Y(w+i0t) ~ %+(1—1/Z)w—iAw2+....

The effective mass of quasi-particles is m* = m/Z and their life-time < 1/A; Z is the quasi-
particle weight. In the Mott insulating regime, the self-energy has instead the following low-
frequency behavior

Y(w+i0") ~ %+F/w—i7rf(5(w)+...,

where I can be viewed as an order parameter. Thus the real part of the self-energy diverges
at w ~ 0; the strong w dependence of Y'(w) is essential to obtain the Mott metal-insulator
transition in the one-band Hubbard model.

The model Hamiltonian approach has proven effective in gaining insight into the behavior of
strongly-correlated systems. However, the actual derivation of low-energy models by down-
folding the full many-body problem, although formally possible, is in practice unfeasible and
would in general lead to complex interactions beyond the Hubbard model [11]. The insight
is thus gained at the price of neglecting all interactions that are thought not to have a direct
influence on the specific phenomenon, and then relating the few free parameters (here ¢ and U)
to experimental data. It is clear that simple models such as the Hubbard model (7), although
grasping an essential aspect of Mott physics, are hardly sufficient to describe the complexity of
real materials such as KCuFs. Thus they have been extended to include many orbitals (e.g., the
full d shell), crystal-field splittings (which divides the d shell, e.g., into 3-fold degenerate 5,
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and 2-fold degenerate ¢, states), multiplets (whose description requires taking into account the
full Coulomb interaction tensor and the spin-orbit interaction), lattice distortions (which, in the
case of KCuFs, split the e, and the ¢5, manifold and change the hopping integrals), filled (e.g.,
F p in KCuF;) or excited (Cu s, K s, ...) states, and Coulomb repulsion between neighbors.
As we will see later in some examples, these details do matter when we want to understand
real materials; neglecting them easily leads to wrong conclusions. Some of the parameters of
such extended Hubbard models can indeed be obtained by fitting to experiments, but with the
increasing number of free parameters it becomes impossible to put any theory to a real test.

3 Many-body models from DFT

3.1 Towards ab-initio Hamiltonians

The dream of calculating the parameters of model Hamiltonians ab-initio exists since long.
We know from the successes of LDA that the Kohn-Sham orbitals obtained within the local-
density approximation carry the essential information about the structure and chemistry of a
given material. It appears therefore natural to build material-specific many-body models starting
from the LDA. This can be achieved by constructing ab-initio a basis of localized LDA Wannier
functions

¢mo \/— Ze iRk wnka( )

and the corresponding many-body Hamiltonian, which is the sum of an LDA term HLDA 4
Coulomb term U , and a double-counting correction H DC

H,= H"* + U — Hpc. (10)

The LDA part of the Hamiltonian is given by

I;[LDA Z Z tnn no zna> (11)

g ZTL’L'I’L

where ¢!

mo ( ’L’ﬂ(f

) creates (destroys) an electron with spin ¢ in orbital n at site ¢, and

byl = / dr Py (v )[—§V2 + Or (r)|irmo (r). (12)

The on-site (i = ') terms yield the crystal-field matrix while the ¢ # ¢’ contributions are the
hopping integrals. The Coulomb interaction U is given by

i3’
E E E Unpnp/cmg Cipo' Citpor Citnrors
it'jj’ oo’ nn/pp’
with

Uity = (ing jpo’|Uli'o j'p'o") (13)

np n'p

= /drl/dr2 Eino‘(rl)ﬂjpa/( ) |I' ’1/)] p'o (rQ)wi’n’U(rl)-
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To avoid double counting, the correction H pc should cancel the electron-electron interaction

H LDA "which in (10) is explicitly described by U. However, it is more meaningful

contained in
to take advantage of the LDA, and subtract from U the long-range Hartree and the mean-field
exchange-correlation interaction, described by the LDA; from the successes of the LDA we
expect that they are well accounted for. Thus the difference U-H pc 1s a short-range many-
body correction to the LDA.

The Hamiltonian (10) still describes the complete many-body problem, finding the solution of
which remains an impossible task. To make progress, we separate the electrons in two types,
the correlated or heavy electrons and the uncorrelated or light electrons. For the correlated
electrons LDA fails qualitatively and U — fIDC has to be taken into account explicitly; we
can assume that U — fch is local (on-site) or almost local (between near neighbors). For the
uncorrelated electrons the LDA is overall a good approximation, and we do not consider any
correction U — Hp. By truncating U — Hpc to the correlated sector we implicitly assume
that the effect of light electrons is a mere renormalization or screening of Coulomb parameters
in the correlated sector. This implies that the Coulomb couplings cannot be calculated directly
from (13). The calculation of screened Coulomb integrals remains to date a major challenge,
and effects beyond Coulomb parameter renormalization are usually neglected. Since correlated
electrons partially retain their atomic character, in the rest of this Lecture we will label them
with the quantum numbers /mo, as in the atomic limit. To first approximation we can assume
that U — Hpc is local and that correlated electrons belong to a single shell (e.g., d electrons,
[ = 2). Thus we can write the Hamiltonian as the generalized Hubbard model

H, = HLDA + Ul _ f:.]]l)c, (14)

where the screened Coulomb interaction is

ZZ Z Z Umamﬁm mp Zmudcjmﬁc/czm%a’czm o) (15)

oo’ maml, mﬁm

and ﬁll)c is, in principle, the mean-field value of U'. More generally, we can include in the
Hamiltonian (14) the Coulomb interaction between first neighbors, different shells, etc. Al-
though (14) is simpler than the original model (10), it still describes a full many-body problem:;
however, as we will see later, such a problem can be solved numerically within the dynamical
mean-field approximation.

At the heart of (14) is the assumption that the Ul — ﬁ]gc is local, or almost local; thus it
is essential to use a localized basis in the correlated sector, a basis in which the separation of
heavy and light electrons makes actually sense. Localized Wannier functions can be constructed
in different ways. Successful methods are the ab-initio downfolding procedure based on the
NMTO approach [12] and the maximally-localized Wannier functions algorithm of Marzari
and Vanderbilt [13]; a lighter alternative to localized Wannier functions are projected local
orbitals [14]. The latter two methods are presented in the Lecture of Jan Kunes.
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3.2 Coulomb interaction tensor

The screened Coulomb interaction, central to building the Hamiltonian (14), has the same form
as the bare Coulomb interaction tensor. To identify the different terms in U ! it is useful to
derive the bare Coulomb integrals for atomic orbitals 1),,;,, () = R (r)Y.! (0, ¢) (see Appendix
B). The generalization to Wannier orbitals is straightforward. First, we write the electronic
positions in spherical coordinates, r; = r;(sin 6; cos ¢;, sin §; sin ¢;, cos §;), and express the
Coulomb interaction as

k
|ty — 12 —rz\ Zrkﬂ 2k‘+1 Z Y (02, 62)Y (91>¢1), (16)

where r. ( rs) is the smaller (larger) of r; and r5. By inserting (16) into (13) we obtain

21
/ !/
(jyno,rrmm{ﬁn?7 = E ak(mamavm,@mﬁ)Fkv
k=0
where ay, are angular integrals

k

47T / k /
D (tma| Y iml,) (Img|Y, |lmiy),
k

ax(mamy,, mgmi) = ST
—

and F}, radial Slater integrals

k
)
&:/%@ﬁm@%mmgﬁww
>

The most important Coulomb integrals are the two-index terms: the direct (U, mm) and ex-
change (U, im/m'm, With m # m') integrals, which can be expressed as

2l

2 : /A
Umm’mm’ - Um,m’ = ak(mmy mm )Fk7
k=0

Umm’m’m mm’ Z ag (mm/, m/m)Fk

It can be shown that U, and J,, ,, are positive, and that Uy, ,,, > Jp, . If we neglect
all terms but the direct and the exchange Coulomb interaction, only density-density terms (o<
) remain, and the Coulomb interaction takes a simpler form

T
nzmanzm’a’ ’ with 72 Nimo = CimoCimo

~ —ZZUmm/nmgnlm ot = Z Z Uy — Jmom’ ) Rimo Tim/or- (17)

o mm/ w0 m#Em/

The contributions neglected in (17), spin-flip exchange terms (o< J,,, /) and off-diagonal con-
tributions (terms with more than two different orbital indices), are important to get the correct
multiplet structure. They are often neglected in DMFT calculations based on QMC solvers
because they can generate a strong sign problem.
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In electronic-structure calculations real harmonics (Appendix B) rather than spherical harmon-
ics are normally used; therefore here we will give the Coulomb integrals for d electrons in the
basis of real harmonics. It is useful to introduce first average Coulomb parameters

1
Uavg = (2l T 1)2 T;r‘:, Um,m’ = F(]a
A p—— d (U o)
avg avg — 2[(2l + 1) — m,m’ m,m’ )-

For d-electrons, only Fy, Fy and F)y contribute to the Coulomb integrals, and we can show that
Javg = (Fy + Fy)/14. For hydrogen-like 3d orbitals, F;/F, = 15/23, while for realistic 3d
orbitals this ratio is slightly smaller. A typical value is F/F, ~ 0.625 = 5/8.

The parameters Uimm/ may be written as

U |zy) lyz) 1322 =17 Jwz)  2? —yP)
lzy) Ub  Up—2Jy Us—2Jo Uy—2Jy Up—2Js
lyz) Up—2J0 Uy Up—2Js Us—2Ji Uy—2J;
32212 Uy—2Jy Up—2Js Uy  Up—2Js Us—2J
l22) Up—2Jy Up—20i Up—2Jds Uy  Uy—2J;
02— y?) Up—2Js Up—20y Up—2Jy Up—20i Uy
where
8 8
Uo = Ungt 5davg = Uavg + cTave
7 5
W= Spalp
Jo = —2Tag + 31
J3 = 6Javg — 51
Ji = AT — 31

The parameter 7,,, is the actual average of the exchange terms in the basis of real harmonics

1 )
javg - m Z Jm,m/ = ?Jan.

m#m/

For atomic d states, Uy, is very large (15 — 20 eV), but screening effects reduce it drastically.
The calculation of screening effects is very difficult because it is basically equivalent to finding
the solution of the full many-body problem. Approximate schemes are the constrained LDA
(cLDA) approach [16] and the constrained RPA (cRPA) method [17]. In cLDA, the screened U
is obtained from the second derivative of the total energy as a function of the density; to avoid
electron transfer between correlated and uncorrelated sectors, the hopping integrals between
heavy and light electrons are cut. In cRPA the polarization (and thus the screened Coulomb
interaction) is obtained in the random-phase approximation by downfolding the uncorrelated
sector, assuming that the latter is well described by mean field. These approaches are discussed
in the Lecture of Ferdi Aryasetiawan.
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Fig. 4: LDA e, (blue) and tyy4(red) band structure of KCuFs5 for the experimental structure (R)
and ideal structures with progressively reduced distortions (see Fig. 2). Iy: simple cubic. The
unit cell contains 2 formula units. From Ref. [4].

-2

3.3 Minimal material-specific models

To understand a given system it is convenient to make the correlated electron sector as small
as possible, while still retaining the crucial degrees of freedom. To this end we have to con-
struct minimal model Hamiltonians, which are still material specific but have as few degrees
of freedom and parameters as possible. Here we will see how this can be achieved through
massive downfolding of the LDA Hamiltonian. As example we consider the case of KCuFj3 in
tight-binding theory. For simplicity, we neglect the tetragonal and Jahn-Teller distortions. In
the cubic structure, the primitive cell contains one formula unit (a single K cube in Fig. 2). The
cubic axes are X, y, z, and the lattice constant a. A Cu atom at site R; is surrounded by two
apical F atoms, F; at R; + 3z and F; at R; — £z, and four planar F atoms, F5 and Fy at R; + 1x
and F5 and Fg at R; = %y. In Fig. 4 one can see the effects of the cubic approximation on the
ey bands: the crystal-field splitting of e, states is zero, the band width slightly reduced, gaps
disappear, and the dispersion relations is sizably modified (e.g., along ['Z). We take as Wannier
basis the atomic 3d e, orbitals for Cu and the 2p orbitals for F; we neglect the overlap integrals
and all other states. The main contribution to the hopping integrals (12) are the Slater-Koster
two-center matrix elements (Appendix B). In the case described, the only relevant Slater-Koster
parameter is V,4,. The |32% — r2); and |22 — y?); states of the Cu at R, are coupled via V4, to
|z), the p, orbitals of F; and Fy, to |x);, the p, orbitals of F5 and F4 and to |y);, the p, orbitals
of F5 and Fs. From the basis |a); (Where o = 1,9, z, 322 — r%, 2% — 3y?), we construct the Bloch

states |ka) = LN S ek R

«);, and obtain the tight-binding Hamiltonian
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H k 2) k z) ky) k322 —r%) |ka?—y?)

|k z) Ep 0 0 —2Vds S 0

|k ) 0 €p 0 Vido Sz —\/g%dgsm (18)
'k y) 0 0 Ep VidoSy \/g‘/;ldosy

‘k 322 — 7”2> —Q%dggz V;;dggz V;gdggy €d 0

[k 22 —y?) 0 V3B  V3VuoSy 0 £q

where s, = ie"*92sink,a/2, a = x,Y, 2,6, < €4 = €p + Apa, and Vigy < 0. I |Vpuo | /Apa
is small, the occupied bands are F p-like, while the partially filled bands Cu e,-like. We now

calculate the bands along high-symmetry lines.! Along I'Z, the eigenvalues ¢; (¢; < £;,1) of
HTB are

€9 = &p
3 = &
4 = &g

|52

€15 = €p 1Apd:l: \/A d+16

where ¢, is bonding and F z-like, while €5 anti-bonding and 322 — r2-like. Along I'X, we have
instead the dispersion relations

pdo

30 = &
g3 = &
€4 = &4
€15 = €p IApdzl: \/A d+16 pdo|s$’2

where ¢, is bonding and F z-like, while ¢5 anti-bonding and z? — 3°-like.

To obtain the e,-like bands, instead of diagonalizing H TB as we have done above, we can also
use the downfolding procedure, which, for independent electrons, can be done exactly. We
divide the orbitals in passive (F p) and active (Cu d), and write the eigenvalues equation as

Hyp Hpq |kp> _ Iy, 0 |kp)
Hy Hu | |kd)| =5 0 Lu | |kd)|

where H,,, (I,,) is the Hamiltonian (identity matrix) in the p-electron space (3 x 3), and H 4y
(144) the Hamiltonian (identity matrix) in the d-electron space (2 x 2). By downfolding to the d
sector we obtain the energy-dependent operator /;,;, which acts in the d space

Hiy = Haa — Hap(Hpp — Elpp)_ald7

and a correspondingly transformed and energy-dependent basis set for the active space, |k d)-..
The operator /17, has the same eigenvalues and eigenvectors as the original Hamiltonian. In the
case of KCuF;

Hg, ‘ [k 322—12), |k 2% —1?).
|k 322 —1?), | e, —2t.[3(cos kya+cos kya) —cos k.al [ 2(cos kya—cos kya)] (19)
'k 22 —1?). 2t. [\/_(CObk a—cos kya)] el —2t 6[%(cos kra+cos kya)]

!'Special points: T' = (0,0, 0),Z= (0,0, 7/a), X= (r/a,0,0),M= (r/a,7/a,0),R= (7/a,7/a,7/a).
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Fig. 5: Crystal-field to, Wannier orbitals and corresponding crystal-field energies in the 3d*
perovskites LaTiOs and YTiOs. La/Y: orange. Ti: red. O: violet. From Ref. [12].

where t. = V2

el (€ = €p), iy = €4+ 3te, and [k 32% — %), |k 2° — y?). is the new basis

set, which retains however the original (32 — 72 or 2 — y?) symmetry. The downfolding
procedure has renormalized the parameters ¢4 of the original model (18), but also introduced
a new interaction: inter-orbital matrix elements. Furthermore, /3, and the Bloch basis are
now energy dependent. Along I'Z, the eigenvalues of (19) are given implicitly by the equations
€ = €4+ 2t. —2t. cos k,a and € = £4; in second-order perturbation theory t. ~ t., = szdo_ /Apa,
€~ eq+2t., — 2t cosk.a, e = 4. From Hamiltonian (19) it is easy to see that the e, bands
are 2-fold degenerate along I'R, to find the dispersion along I'M and RM, and obtain the e,-like
bands in Fig. 4. From the Bloch states |k 322 — r?), and |k 2% — y?)., we may build new
Wannier functions. They have 32% — r? or 2% — y* symmetry as the original ones but also span,
to arbitrary accuracy, the e, bands. These new Wannier functions are longer range than the
original atomic orbitals, since they have p tails on the downfolded neighboring F sites.

The same downfolding procedure can be performed ab-initio,e.g., using DFT approaches based
on atomic-like orbitals, such as the NMTO method. It leads to ab-initio Wannier functions,
which carry the information on the lattice structure and the chemistry [12]. The higher energy
crystal-field orbital of KCuF3 (experimental structure), calculated in this way, is shown in Fig. 2.
Another example of Wannier functions is shown in Fig. 5. LaTiO3 and YTiOj3 have a perovskite
structure as KCuFj3, but the O octahedra are tilted and rotated and the La/Y cages are strongly
distorted. To obtain the t,, crystal-field Wannier orbitals in Fig. 5 we downfold all other states
but the ¢5,. Although the Ti atoms form an almost cubic lattice, the t5, Wannier functions reflect
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the actual distorted structure, as do the corresponding hopping integrals; thus the ¢,, orbitals are
not degenerate, as they would be in a cubic lattice.

Once we have obtained the basis and the hopping integrals, we construct H = HYPALUI—H Lo
For the e, doublet we can express Ul'ina simpler form, because only two-index Coulomb terms

are present; furthermore, U, v = U — 2J(1 — 0,5,,y) and, for m # m/, Jy, ;v = J, where
U = Up and J = J,. Thus the e, Hubbard model has the form
H= - Z tf;zim’ C;'rma'cim’a +U Z'ﬁimTﬁiml
m,m’,i,i’ o im
1 A
+ 5 Z (U — 2J — J6gyg/)nimgnim/g/
100
m#m/
- J Z [cImTCImLCim'TCim/ ! +c;[mTCimiC;Lm/ Lcim’T:| — Hpe, (20)
i m#£m/

2 2% — 4. The last two terms describe the pair-hopping (U,mm/m: =

where m,m' = 322 —r
Jm,me for real harmonics, while for spherical harmonics U,y = 0) and spin-flip processes.
The Hamiltonian has the same form (however with J = J;) for systems with partially filled ¢,
bands, e.g., LaTiO3 and YTiOs.

Massive downfolding to few-band models (for KCuF; the e, bands) necessarily leads to longer
range Wannier functions. On the other hand, working with the full Hamiltonian has the draw-
back that the large number of parameters makes it difficult to gain insight in the problem, losing
the advantage of model physics. Another advantage of massive downfolding to a given set of
correlated states is that the double-counting correction becomes an energy shift. We can in-
corporate it into the chemical potential, which is obtained self-consistently from the number of

correlated electrons, getting rid of an essentially unknown term.

4 Methods of solution

4.1 LDA+U

The first systematic attempt to construct and solve ab-initio many-body Hamiltonians was the
LDA+U method [15]. In this approach the Coulomb interaction is treated in static mean-field
theory (in the spirit of Hartree-Fock), and therefore true many-body effects are lost. However,
the problems that we have to face in constructing the Hamiltonian (14) are the same, indepen-
dently of how the Coulomb interaction is then treated. To we explain how LDA+U works, we
assume that Hamiltonian (14) has the simplified form

_E[LDA + Ul — I:I]ZDC = .HLDA + %UZ Z ﬁimaﬁim’a’ - %UZ Z <ﬁim0><ﬁim/0’>'

i mo#m/o’ i mo#m’ o’

We treat the Coulomb interaction in static mean-field at the Hartree level,

ﬁimaﬁim’a’ - <ﬁima>ﬁim’a’ + ﬁima<ﬁim’a/> - <ﬁima> <ﬁim’a’>>
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and approximate the mean-field energy %U Yoo — (Nimo) (Nimror) by the Hartree energy
sUN'N', where N' = 3" (fiymo) is the number of heavy electrons per site. The mean-field
Hamiltonian is

1
= H"A 4 %:ta miime, With 7, = U (S — (fino))-
The levels of the correlated electrons are shifted by —U /2 if occupied and by U/2 if empty, like
in the atomic limit of the half-filled Hubbard model. A total energy functional which shifts the
orbital energies in this way is

ELDA+U[n] = ELDA Z U Z nzma nzm o’ > EDC ’

mo#m’ o’

where Epc = SUN'(N' — 1) and Epa[n] is the total energy obtained using the spin-polarized
version of the local-density approximation (LSDA) for the exchange-correlation functional.

Indeed oE ]
LDA+U _ LDA+U __ LDA U= = {h,
imo a<ﬁ7,ma'> 1mo + ( <nlm0 >)

More generally, if U' has the form (15), the LDA+U functional is given by

Erpasuln] = Epipaln Z D Ui (W) i)

o mm'm''m'"

+ % Z Z [Umm”m/m”l - Umm m”/m] <ﬁgmm’><ﬁ?m”m’”> - EDC?

ic mm'm'’'m'"

where (72 ) = (¢! ¢ ) is the density matrix, and (Am,) = (A, ). One of the most

mm Mmoo Tvm'o mm

common recipe for the double-counting correction is
1 1
Epc = §U(ngl(Nl —1) - 5Jm,gZJvrf,(J\f}, —1). (21)

The corresponding one-electron LDA+U Hamiltonian is

HLDA+ Z tmm imo zm ‘o) (22)

imm'o

where?

o _ E § ~0
mm/ — Umm 'm m/// zm”m”’) + [Umm//m’m”’ Umm 'm""m/! ] <nl’m//m///>
i m! m!"

1
[Uavg(Nl -

1
3)

— Jug(N = 5)

s

HLDA

In LDA+U, differently than in static mean-field for a given Hamiltonian, is obtained self-

consistently. The LDA+U correction in (22) modifies the occupations of the correlated sector

>The LDA+U correction to the parameters of the LDA Hamiltonian may be obtained from the derivative of
Erspa+u[n] with respect to the density matrix.
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with respect to LDA. If we assume that LDA describes uncorrelated electrons sufficiently well,
the readjustments in the uncorrelated sector can be calculated by making the total charge density
and the reference potential consistent within the LDA (charge self-consistency), however with
the constraint given by (22). LDA+U calculations are usually not performed in a Wannier
basis. They are typically based on the identification of an aromic sphere, a region of space in
which correlated electrons are well described by atomic-like orbitals; the LDA+U correction is
determined through projections onto such atomic orbitals. Thus LDA+U results are essentially
dependent on the choice of the set of correlated electrons and this atomic sphere. However,
if the correlated electrons are well localized, they retain indeed to a good extent their atomic
character in a solid. Thus the arbitrariness of the choice is less crucial than could be expected.
Calculations based on different electronic structure methods confirm this.

LDA+U describes successfully the magnetic ground-state of Mott insulators. This could ap-
pear surprising, because the LDA+U Hamiltonian (22) describes a non-interacting system, and
therefore should in principle have the same defects of the LDA Hamiltonian. However, LDA+U
opens a gap by making long-range order (magnetic, magnetic and orbital, ...). Indeed, in some
cases we obtain a gap already in LSDA, although often such a gap is much smaller than the
experimental one. As in LDA, the LDA+U eigenvalues are real, and quasi-particles have an
infinite lifetime. In the Green function language, LDA+U yields a self-energy which is orbital,
spin, and site dependent within the unit cell, but has no w dependence and no imaginary part.
We present as an example the case of KCuF;. Instead of the full LDA+U calculation, for
simplicity we discuss the results for the e,-band Hubbard model (20) and do not perform any
charge self-consistency. We study the ideal cubic structure; the independent-electron part of
the Hamiltonian is given to a good approximation by Eq. (19). We consider a unit cell with
axesa = (—x+Yy),b = (x+y), c = 2z. This cell contains four octahedra. The four
Cu atoms are located at (0,0,0), (a/2,a/2,0), (0,0,a/2), (a/2,a/2,a/2); we label them as
1y, 24, 14, 24. The difference between sites of type 1 and 2 in the experimental structure with
the co-operative Jahn-Teller distortion is illustrated in Fig. 2; in the cubic structure they are
identical. The metallic paramagnetic LDA band structure for this supercell is shown in Fig. 6.
Bo);, with
a =322 —1r?,and 3 = 22 — 32, the LDA+U self-energy for a site i has the following form

The insulating static mean-field bands are shown on the left. In the basis |ac);,

[l [lea
Eoz,oa Ea,ﬁ

0 __
E - Z‘lia Eicf
Ba 8,8

Setting for simplicity J = 0 we find

v =U

—(Gp) 5 — (15)

% - <ﬁgaa> _<ﬁgﬁa> ] ,

where the density matrix has to be determined self-consistently. The static mean-field bands in
the left panel of Fig. 6 correspond approximatively to a state with one hole in |22 — y? 1) =
Bla 1)+ 1|6 1) atsite 1., in |22 — y? |) at site 14, in |22 — 22 1) at site 2,,, and in 2% — 2% |)
at site 24. Correspondingly, the self-energy matrix may be written as
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Fig. 6: Right: LDA e, band structure of cubic KCuFs calculated using the experimental mag-
netic unit cell with four formula units. Left: Static mean-field band structure, calculated for the
experimental orbital and spin order. Parameters: U = 7 eV and J = 0.9 eV.

LU agh,  |Boh,  lao)s,  [B0)e,  aogh,  [Bo)y,  lac)y,  |B0)s,

|a0_>1u —260,1—5U,T \/EZU,T 0 0 0 0 0 .
|Bo) \/gia,T —265,i+6,ﬁ 0 0 0 0 . .
A e T .
Bo)a, 0 U 0 0 0
|a0>1d 0 0 0 0 _250-,11_50,1 \/gig,i 0 0
|Bo), 0 0 0 0 \/520,1 —26(,‘,2;“5(,‘,l 0 0
o), 0 0 0 0 0 0 *250,;50,¢ *\/i%,i
|50->24 0 0 0 0 0 0 = i&w —25051-5-50,l

The spatial structure of the self-energy, which yields long-range spin and orbital order, is what
opens the gap, by resolving spin and orbital degeneracy; the insulating state in LDA+U has
therefore a very different nature than in DMFT.

To understand the nature of the difference, we consider the half-filled one-band Hubbard model
(7) for a linear chain (¢, = —2 cos k,a) with lattice constant a. We double the unit cell (lattice
constant b = 2a) and solve the model with Hartree-Fock, looking for long-range magnetic order.
The mean-field Hamiltonian is

H™ = 3" ey, + U (o)t — U (i) (),
(iiYo io g

where (1) = 1/2 + m(—1)", (f;) = 1/2 — m(—1)%, and m is the magnetic moment per site.
We set the Fermi level to zero and assume m = 1/2; the self-energy is X, = U(n;_,) and the
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Fig. 7: LDA+DMFT spectral matrix per spin (~ 230 K) in the orbitally-ordered paramagnetic
phase of KCuFs, cubic structure. Coulomb parameters: U = 7 eV, J = 0.9 eV. The off-diagonal
terms, here large, are zero in the high temperature para-orbital phase.

doubly degenerate eigenvectors are €4 = i\/m . At half-filling, only €_ is occupied,
and the gap opens at k = 7/2a, the borders of the reduced BZ, [—7/2a, 7/2a). To compare
with the DMFT solution of the one band Hubbard model, we unfold the bands back to the BZ
of the small unit cell, [—7/a, 7/a). The Hartree-Fock bands can then be written as &5, + A(k),
where A(k) = —e, + [O(F — k) — O(k — 3-)]\/€i + U?/4, and O is the step function. Thus,
to obtain the Hartree-Fock bands we would have to correct the band energy ¢, with a function
A(k) which has a jump at k = 7/2a, i.e. a strong k-dependence. This should be compared
with the divergence o 1/w found in the real part of the k—independent DMFT self-energy for
the paramagnetic half-filled Bethe lattice. Thus, the origin of the gap is completely different in
statical and dynamical mean-field theory.

LDA+U has been successfully used to describe the magnetic ground state of many transition-
metal compounds; however, since it is based on the static mean-field (Hartree-Fock-like) ap-
proximation, it often gives too large band gaps. A related problem is that the tendency to
long-range order is overestimated, because fluctuation are neglected.

4.2 LDA+DMFT

The natural extension of LDA+U to include true correlation effects is LDA+DMFT [18-21]. In
this approach we solve the Hubbard model HIPA 4 Ut — f]ﬁc by means of dynamical mean-
field theory. To do this, first we map HWDA L Ul — ﬁll)c onto a multi-orbital Anderson model
with the same Coulomb interaction at the impurity site; G(w) is the bath Green-function matrix
of such Anderson model. Next, we label with i, the correlated sites within the unit cell and with
Imo the correlated orbitals at sites i..; the local lattice Green-function matrix is
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Fig. 8: Left: LDA+DMFT correlated band structure (~ 230 K) in the orbitally-ordered phase
of KCuF's, cubic structure; the dots are the poles of the Green function. Right: Self-energy
matrix in the basis of the natural orbitals. Full lines: real part. Dotted lines: imaginary part.
Coulomb parameters: U =T eV, J = 0.9 eV.

1 IS ~ 111
G moirme(@) = *Z [W+MI—H{§DA—EZ(W)+HDC}
1. Mo, M o Nk " ich,iLm/U
The DMFT self-energy matrix X!(w) is non-zero in the correlated sector only; furthermore,
X For two equivalent sites i, and

m,m’*

it is diagonal in the site indices, X" =,

. »!
i.moim’'oc Lerle

. .
i’., space group symmetries transform Z;;;L, into X' ;. In the paramagnetic case, in which

m,m’*
=G the additional relation X% , = X% — 5% holds
i.moyilm/c — T i.m-o,i.m’-o’ mm/ — “mm’ T “mm/ .

Let us consider the example of paramagnetic KCuF3. The primitive cell (Fig. 2) contains two
formula units (and thus two equivalent Cu sites, labeled as 1 and 2 in Fig. 2). The LDA Hamil-
tonian which describes the e, bands is a 4 x 4 matrix; the transformation between site 1 and 2
is z,y,2 = y,r,—z,and therefore 55 = =52, 51 = 32

[e7e'Rd

2 Jao)y |Bo) |ao)y  |Bo)s

Eéﬂ = gﬁ. In matrix form

lac), X1, Xz 0 0
Boh Tk, Tk 0 0
|ﬁU>2 0 0 _Z%a Zé,g

The DMFT self-consistency condition requires that &, - (w) equals the impurity Green-function
matrix of the Anderson model, G(w). Thus, in the paramagnetic case

Gm,m’ (w) = Gicma,icm’a'<w)7 ;L,lm/ (w> = G;r:m/ (w) + Enimc,m/ (w)
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The site i. is one of the equivalent sites {i. }; in the KCuF; example, it could be, e.g., a site 1.
The solution of the multi-orbital quantum-impurity model requires a method which can deal
with realistic Coulomb interactions and Green-function matrices; depending on the problem we
want to address, we can choose from quantum Monte Carlo [7,8], Lanczos [9], the numerical
renormalization group, and many more.

The Hirsch-Fye QMC [7] approach, presented in the Lecture of Nils Bliimer, is very general; a
limitation is that spin-flip and pair-hopping processes yield a strong sign problem, and have to
be neglected; in many cases this is, however, a good approximation. In Fig. 7 we show the para-
magnetic e, spectral-function matrix of KCuF; at ~ 230 K, calculated with a Hirsch-Fye QMC
solver. The figure shows that with DMFT we can obtain an insulating orbitally ordered solution
even in the absence of long-range magnetic order; this is not the case in static mean-field theory.
The off-diagonal elements of the spectral matrix (and correspondingly those of the self-energy
matrix) are large and cannot be neglected. In Fig. 8 we show the LDA+DMFT e, band structure
of KCuF3, corresponding to the spectral matrix in Fig. 7. We can compare these bands with
the static mean-field antiferromagnetic band structure in Fig. 6. The LDA+DMFT band gap is
significantly smaller. The imaginary part of the self-energy, which is zero in static mean-field
theory, makes the Hubbard bands partly incoherent. The real part of the self-energy of the half-
filled orbital (Fig. 8), which in static mean-field theory does not depend on w, diverges at low
frequencies, as in the case of the half-filled Bethe lattice.

The continuous-time QMC technique [8], discussed in the Lecture of Philipp Werner, allows us
to include in our model spin-flip and pair-hopping terms. As an example we present LDA+DMFT
results for Ca,RuQy (Fig. 9), a layered 4d* perovskite which at low energy can be described by
a tyy Hubbard model of the form (14); to solve it we use the weak-coupling continuous-time
QMC scheme. Fig. 9 shows that neglecting spin-flip and pair-hopping terms changes the de-
generacy of multiplets, and leads to an overestimation of the mass renormalization m* /m [22].

The LDA+DMEFT self-consistent procedure works as follows (for QMC solvers w — iw,,)
e construct H'PA + U — HE

e calculate the local Green-function matrix for a starting self-energy matrix

1

Gicoico(w) = N

> (I = BEPY = w) + pul + ] ™)
k

10,0

For equivalent sites, the LDA Hamiltonian and the self-energy matrix should transform
according to space-group symmetries.

e calculate the bath Green-function matrix

Gl w)=G'w) +2(w), Gw)=Gioio(w)

e obtain the impurity Green-function matrix G(w) by solving the quantum-impurity prob-
lem defined by G(w) and the Coulomb interaction U" at sites {7, }
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Fig. 9: CasRuOy: ty, spectral functions in the high-temperature L-Pbca phase and in the low
temperature S-Pbca phase. Left: without spin-flip and pair-hopping terms. Right: with spin-flip
and pair-hopping terms. Red: xy. Green and blue: vz and yz. From Ref. [22].

e calculate the self-energy matrix

e check if self-consistency is reached; if not, recalculate G;_, ;,»(w) and start over again.

In LDA+DMEFT the double-counting correction is the same as in LDA+U;j in the case of massive
downfolding to the correlated-electron sector, as previously discussed, it is incorporated in the
chemical potential and does not need to be calculated explicitly.

The extension of LDA+DMFT to the spin-polarized case (spin-dependent self-energy matrix
and Green-function matrices) is straightforward. Long-range anti-ferromagnetic order can also
be treated, provided that we use the appropriate unit cell. Let us consider the case of KCuF;.
Below Ty this system is antiferromagnetic along z and ferromagnetic in the xy plane. To
account for this magnetic order, we have to use a unit cell with 4 formula units, the same that

we used for the LDA+U example; the self-energy matrix has therefore the same spatial structure
as in LDA+U

27 ao), |Bo), |ao)s, |80)s, lac)y, |Bo)i, lac)s, |Bo)s,

ac), Tl Xlo g 0 0 0 0 0
Boy, El g 0 0 0 0 0 0
lac)s, 0 0 slo —xlg 0 0 0 0
B)s, O 0 -xlg Xl 0 0 0 0
lao)y, 0 0 0 0 I X 0 0
Bo), 0 0 0 0 Xbv e 0 0
agYs, O 0 0 0 0 0 ¥k _xle
60)s, O 0 0 0 0 0 —Xio  sie
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Fig. 10: Evolution of crystal structure and LDA band structure in the series of 3d" perovskites
with the GdFeOs-type distortion. From Ref. [12].

The LDA+DMFT scheme can be easily extended to treat clusters, by using a supercell and
treating the supercell as impurity; alternative extensions to account for the k dependence of the
self-energy are the dynamical-cluster approximation (DCA) [23], the dual-fermion approach,
or GW+DMFT. Some of these methods will be discussed in the Lectures of Sasha Lichtenstein
and Karsten Held. Finally, LDA+DMFT, as LDA+U, can be also made charge self-consistent.
This requires to work, as in LDA+U, with the full Hamiltonian and to account explicitly for the
double-counting correction.

The calculation of the screened Coulomb parameters is a major open problem, in LDA+DMFT
as in LDA+U. In the absence of a definitive method, a useful approach is to analyze trends in
similar materials, to single out the effects of chemistry and structural distortions from those
of the Coulomb interaction. We adopt this approach in Ref. [24] to study the Mott transition
in the series of 3d! (t%geg) perovskites. These materials all have the GdFeOs-type structure,
with distortions (tilting, rotation, deformation of the cation cage) that increase along the series
(Fig. 10). By means of massive downfolding based on the NMTO method [12], we obtain
the material-specific ¢, Wannier basis (crystal-field orbitals) shown in Fig. 5. With increasing
distortions, the ?5, band-width decreases and the crystal-field splitting increases, reaching ~
300 meV in YTiO3, still a small fraction of the 5, band width. We find that, despite of its small
value, the crystal-field splitting plays a crucial role in helping the metal-insulator transition, by
reducing the orbital degeneracy [25] of the many-body states and favoring the formation of an
orbitally-ordered state.
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b YVO,

Fig. 11: Orbital-order (empty orbital) in the 3d* perovskites LaVOs and YVOs. From Ref. [26].

S The origin of orbital order

In this Section we will show an example of how LDA+DMFT can be used as a tool to understand
physical phenomena. Orbital order is believed to play a crucial role in determining the electronic
and magnetic properties of many transition-metal compounds. Still, the origin of orbital order
in real materials is a subject of hot debate.

The hallmark of orbital order is the co-operative Jahn-Teller distortion. A paradigmatic example
is KCuF;. The co-operative Jahn-Teller distortion is shown in Fig. 2. This static distortion
gives rise to a crystal field, which splits the otherwise degenerate e, doublet. LDA+DMFT
calculations have proven that, due to Coulomb repulsion, even a crystal-field splitting much
smaller than the band width can lead to orbital order. The importance of such effect for real
materials has been realized first for LaTiO3 and YTiO3 [24,12]. The same effect is at work
in a number of other systems with different electronic structure. We discuss few cases. In
3d? vanadates [26] the #,, crystal-field splitting is even smaller than in 3d* perovskites. Still,
orbital fluctuations are already strongly suppressed at room temperature, yielding the orbital-
order shown in Fig. 11. In CayRuQy, due to the layered perovskite structure, the 2/3-filled 25,
bands split into a wide xy and two narrow zz and yz bands. In the low-temperature phase (S-
Pbca) the system is an insulator with a small gap and exhibits zy-orbital order: at each site the
xy orbital is filled with two electrons. Above 350 K, in the L-Pbca phase, Ca;,RuQy is metallic
and no orbital order has been reported. We find (Fig. 9) that the metal-insulator transition is
driven by the structural L-Pbca — S-Pbca phase transition; furthermore, in the insulating phase
the ~ 300 meV crystal-field splitting overcomes the band missmatch and we find zy orbital
order [22]. The case of 3d° KCuF; and 3d* LaMnOs is even more extreme: the eq crystal-field
splitting is ~ 0.5 — 1 eV at 300 K; with such a large splitting, orbital fluctuations are suppressed
up to melting temperature.
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p (DMFT)

0 1000 1500
T/K

Fig. 12: Orbital order transition in KCuF's. Orbital polarization p as a function of temperature
calculated in LDA+DMFT. R: U = 7 eV, experimental structure. Circles: U = T eV, idealized
structures Rs and 15 with decreasing crystal-field. Triangles: U = 9 eV, 1y only. Squares:
two-sites CDMFT. From Ref. [4].

Orbital order can already arise, however, in the absence of static distortions. In a seminal
work, Kugel and Khomskii [27] showed that in strongly-correlated systems with orbital degrees
of freedom (degenerate ¢, or 5, levels), many-body effects can give rise to orbital order via a
purely electronic mechanism (spin and orbital super-exchange). In this picture, the co-operative
Jahn-Teller distortion (and thus the crystal-field splitting) is a consequence of orbital order. In
the opposite scenario, the co-operative Jahn-Teller distortion is due to the electron-phonon cou-
pling, which removes orbital degeneracy, and orbital order is driven by the static distortion,
as discussed above. We analyze these two scenarios for KCuF3; and LaMnOs, the text-book
examples [28] of orbitally-ordered systems. LDA+U total energy calculations show [15,29]
that in these systems the co-operative Jahn-Teller distortion is stabilized by U, a result recently
confirmed in LDA+DMFT [30]. This could indicate that super-exchange is the driving mecha-
nism. However, if this is the case it is hard to explain why the magnetic transition temperature,
determined by super-exchange, is much lower than the orbital-order transition temperature:
Ty ~ 40 K for KCuF3 and Ty ~ 140 K for LaMnQOj3, while the co-operative Jahn-Teller
distortion persists up to 1000 K or more.

LaMnO; and KCuF; can both be described by a two-band e, Hubbard model. In the case
of LaMnO3; we have additionally to take into account the Hund’s rule coupling between ¢,
electrons and ¢, spins, Sy, . Thus the minimal model to understand orbital order in these two
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Fig. 13: Orbital order (LDA+DMFT calculations) in the rare-earth perovskite TboMnQOs with
the GdFeOs-type structure. From Ref. [32]. This system has the same structure of LaMnQOs.

systems is the Hamiltonian [31]

H= - Z tz,m’u:;jo"c;rmo‘ci’m/(r/ - hz(ﬁZmT - ﬁzml)
imao,i’m’o’ m
L 1 AN
+ Uznianiml +§' Z (U — 2J — J(So’,o-/)nimo-nimlo‘/ .
m im(#m’)oo’

Here m, m’ = 322 —r?

,#* — 3. The local magnetic field h = JS,,, describes the Hund’s rule
coupling to ty, electrons, and u;, 7, = 2/3(1 — 0;,/) accounts for the disorder in orientation
of the 5, spins. In the case of KCuFs ;' = 05, and h = 0. For the Coulomb parameters
we use the theoretical estimates J = 0.9 eV (KCuF3) and J = 0.75 eV (LaMnO3) and vary
U around 5 eV (LaMnQOs3) and 7 eV (KCuF3). In the high-spin regime, our results are not very
sensitive to h; we show results for A ~ 1.3 eV. We use the massive downfolding technique
based on the NMTO method to calculate hopping integrals and crystal-field splittings.

To single out the effects of many-body super-exchange (Kugel-Khomksii mechanism) from the
effect of the crystal-field splitting, we perform LDA+DMFT and LDA+CDMFT calculations for
a series of hypothetical structures, in which the distortions (and thus the crystal-field splitting)
are progressively reduced. In the case of KCuFs, these hypothetical structures are shown in
Fig. 2, and the corresponding e, bands are shown in Fig. 8. For each structure we calculate
the order parameter, the orbital polarization p, defined as the difference in the occupations of
natural orbitals. In Fig. 12 we show p as a function of temperature. For the experimental
structure, p(7') ~ 1 till melting temperature; this means that, if the structure stays the same,
the system remains orbitally ordered till the crystal melts. The empty orbitals on different sites
make the pattern shown in Fig. 2. For the ideal cubic structure Iy, we find that p(7) = 0 at
high temperature, but a transition occurs at Tk ~ 350 K. This Tk is the critical temperature
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Fig. 14: Orbital order transition in LaMnQOs. Orbital polarization p (left) and (right) occupied
state |0) = cos §|32% — %) + sin &|2? — y?) as a function of temperature. Solid line: 300 K
experimental structure (R, ) and 800 K experimental structure. Dots: orthorhombic structures
with half (Rg) or no (Ry) Jahn-Teller distortion. Pentagons: 2 (full) and 4 (empty) sites CDMFT.
Dashes: ideal cubic structure (Iy). Circles: U = 5 eV. Diamonds: U = 5.5 eV. Triangles:
U = 6 eV. Squares: U = T eV. Crystal field splittings (meV): 840 (R11), 495 (Rg), 168 (RS &),
and 0 (Iy). From Ref. [33].

in the absence of Jahn-Teller effect. Our result shows that around 350 K super-exchange could
drive alone the co-operative Jahn-Teller distortion. However, experimentally, the co-operative
Jahn-Teller distortion persists up to 800 K or even higher temperature. Ty, although large, is
not large enough to explain the presence of a co-operative Jahn-Teller distortion above 350 K;
electron-phonon interaction plays a key role. Fig. 12 shows that a ~ 200 meV crystal-field (as
in the ideal Ry 4, which has a Jahn-Teller distortion ~ 10% of the experimental structure) yields
already an almost complete suppression of orbital fluctuations up to at least 1500 K.

In the case of LaMnO3 we find (see Fig. 14) Txx ~ 700 K. However, besides the co-operative
Jahn-Teller distortion and tetragonal compression, LaMnOj exhibits a GdFeOs-type distortion
(Fig. 13), which tends to reduce the e, band-width [12]. Thus we study in addition an ideal
structure R, with all distortions except the Jahn-Teller. For such system we cannot obtain 7xk
from p(7T'), because, due to the crystal-field splitting ~ 200 meV, Coulomb repulsion strongly
suppress orbital fluctuations even at 1500 K. Instead, we study the evolution of the occupied
orbital |6) = cos §[32? — r?) + sin §|2? — y?) with temperature. For the experimental structure
(R11) we find 6 ~ 108°, in agreement with experiments, and for the [, structure we obtain
6 = 90°. For the R, structure we find two regimes. At high temperature the occupied orbital
is the lower energy crystal-field orbital (6 = 180°). At Tkkx ~ 550 K super-exchange rotates
this 6 towards 90°, reaching 130° in the zero temperature limit. Such Tk is still very large,
but again not sufficient to explain that the Jahn-Teller distortion persist in nanoclusters up to
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melting temperature [34]. Thus, as for KCuF3, electron-lattice coupling is essential to explain
the co-operative Jahn-Teller distortion at high temperature.

Although the co-operative Jahn-Teller distortion persists in domains up to melting temperature,
a order-to-disorder (or orbital melting) transition has been reported at Too ~ 750 K [35]. Since
Tkx ~ Too, super-exchange could play a crucial role in such transition. To resolve this is-
sue, we analyze a series of materials for which 7Ho has been measured: rare-earth manganites
with structures similar to LaMnQOjs. For this series, it has been reported that T strongly in-
creases with decreasing the rare-earth radius, reaching about 1500 K in TbMnOQO3. Instead, with
LDA+DMFT and actually find the opposite trend: Tk is maximum in LaMnOs and slightly
decreases along the series. Taking the tetragonal crystal-field into account reduces Tk, further
increasing the discrepancies with experiment. This proves that, surprisingly, super-exchange
effects, although very efficient, in the light of the experimentally reported trends, play a minor
role for the orbital order melting observed in rare earth manganites [32].

6 Conclusions

The many-body problem is central to theoretical solid-state physics. Density functional the-
ory is the standard approach for describing the electronic properties of materials. It is a very
successful method, which allows us to understand and predict the properties of many systems.
However, DFT practice fails completely for strongly-correlated materials, in which the move-
ment of one electron depends on the actual, not only the mean position of all other electrons,
since it has to avoid their Coulomb repulsion. In this Lecture we have seen a successful scheme
to deal with strongly-correlated systems: LDA+DMFT. It is based on the separation of electrons
into correlated and uncorrelated. While for uncorrelated electrons we use standard methods
based on density-functional theory, for correlated electrons we build material-specific many-
body models and solve them with DMFT. Building models requires the construction of local-
ized and material-specific basis sets. To this end, various successful approaches have been
devised, such as the ab-initio downfolding technique, maximally-localized Wannier functions
and projectors. Material-specific many-body models are however complex. Solving them
with DMFT requires flexible and efficient quantum-impurity solvers. Examples are Hirsch-
Fye QMC, continuous-time QMC, and Lanczos. Short and/or long range spatial correlations
can be in principle accounted for within different methods: CDMFT, DCA, dual fermions,
GW+DMFT. Thanks to the improvements of impurity solvers and to modern supercomputers,
we have been able to include in LDA+DMFT calculations more degrees of freedom, to reach
experimental temperatures, to calculate properties beyond the spectral function, and to move
towards predictive power. From the many successful applications of LDA+DMFT we have
learned that details do matter; for example a crystal-field splitting of merely hundred meV, typi-
cally neglected in studies based on simple model Hamiltonians, plays a crucial role in stabilizing
the orbitally-ordered Mott insulating state [24], and super-exchange, although very efficient, is
not the driving mechanism of orbital order in the text-book examples of actual orbitally-ordered
materials, LaMnO3 and KCuFs.



LDA+DMFT 6.31

Much work lies ahead. A general and effective quantum-impurity solver is not yet available;
effective k-dependent extensions of LDA+DMFT are under development. Central to the success
of LDA+DMFT and its extensions is the separation of electrons into light and heavy. This
separation, however, is also the main source of trouble. The double-counting correction is
essentially unknown. To account for screening effects in a realistic setting is very difficult.
Furthermore, by truncating the Coulomb interaction outside the correlated sector, we assume
implicitly that the effect of many-body downfolding to the correlated sector is only screening;
effects which go beyond the mere Coulomb renormalization are usually neglected. Ultimately,
these approximations have to be put to a test.

Finally, we have to remember that many-body phenomena are emergent behaviors [36]. Each of
such phenomena, although in principle described by the same many-body Hamiltonian (1), the
theory of almost everything [37], may have a very different nature. To predict new phenomena
before they are observed is therefore extremely challenging. After they are discovered, they are
often elusive and might remain mysterious for decades, like it is happening for high-temperature
superconductivity. In developing ab-initio theories for strongly-correlated systems, we have
thus always to keep in mind that the crucial aspect to explain a given phenomenon might be
hidden in some detail which in more ordinary circumstances would play no role. The challenge
is thus to identify which details do matter.
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Appendices

A Constants and units

In this Lecture, formulas are written in atomic units. The unit of mass m is the electron mass
(mo = m,), the unit of charge ey is the electron charge (ey = e), the unit of length a is the
Bohr radius (ap = ap ~ 0.52918 = A), and the unit of time is t, = 47eohag /e%. In these units,
Me,ap, e and 1/47ey have the numerical value 1; the speed of light is ¢ = 1/a ~ 137 in atomic
units. The unit of energy is 1Ha = e?/4mwegag ~ 27.211 eV. These are the natural units for
theory. When comparing to experiments, for convenience, we give the energies in eV or meV.

B Atomic orbitals

B.1 Radial functions

The nim hydrogen-like atomic orbital is given by

wnlm(p> 97 ¢) = Rnl(p)}/}m(ea QS)?

where R,,;(p) is the radial function and Y}, (6, ¢) a spherical harmonic, p = Zr and Z the atomic
number. In atomic units, the radial functions are

where Lilfﬁl are generalized Laguerre polynomials of degree n — [ — 1.

The radial function forn = 1,2, 3 are

Ri(p)= 2 Z°° er

Ros(p) = 2\% Z3/? (2 —p) e /2
Ryp(p) = 5o 2°F pePl?
Rso(p) = 525 Z°° (1= 2p/3+2p%/27) /3
Ryy(p) = P2 7572 p(l—p/6) e ?/?
Rsa(p) = 8?%5 3/ p? e P/

where we used the standard notation s for [ = 0, p for/ = 1 and d for [ = 2.

B.2 Real harmonics
To study solids, it is usually convenient to work in the basis of real harmonics. The latter are
defined in terms of the spherical harmonics as follows:

1 1
=Y g = —(YL A+ (=D"V), g = —L —(=1)"V}), m > 0.
Yio 0 Y ﬂ( m < ) m) Y \/i( m ( ) m)
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B.3 Slater-Koster integrals

The interatomic Slater-Koster two-center integrals are defined as

Elm,l’m’ = /dr Elm(r - d)V(r -

)y (r).

They can be expressed as a function of radial integrals Vj;,, which scale with the distance d

roughly as d~(++1) [38], and direction cosines, defined as

m

I=d-2/d,

The Slater-Koster integrals for s, p, and d orbitals [38] are listed below.

Es s = Vsso
Esq = Wipo
Er = 1*Vipo
E;y = ImVypo
E, . = InVppo
Es oy = V3ImViao
B2y = 3V3(12 = m?)Veao
Eyg2 2 = [n® = (1% +m*)|Viao
Ey 2y = V32mVpa,
Eyy- = V3ImnVyie
Eyx = V3V,
Bpgrop = P = m?) Voo
By p = L[ = m)] Voo
E. a2y = F[(1? = m?)Vodo
B2 2 = U[n? = 3(I + m?)|Vpao
Bygors = min? — 32+ )] Voo
Bogop = nln? = 302 + )| Voo
Eryay = 31m%Vg4o
Eryy: = 3Im?nVyg,
Evry -z = 32mnVyg,
B2y = 3im(1? — m*) Vs
Eyp2yp = Smn(12 — m?)Viao
By o2y = %nl(l2 — ) Vago
Epysez 2 = V3im[n® — 5 (2 +m*)|Vaao
By, 322 V3mn[n? — 5 (2 +m*)Vaas
Ep3.2 p2 V3In[n? = 5% + m?)Vao
By = 302 - m?)2Vass

EIQ—yz,‘sz—rz :é(ﬂ - mQ)[nQ - %(lz + m2) Vdda
(

— 1
E3227T2,32277‘2* [n )

n=d-z/d.

+(1 = 1*)Vppre
—ImVppr
—InVppr
m(1 — 20%)Vyir
—2lmnVpir

(1 = 202) Vi
+HI(1 = 1% +m?) Ve
—m(1+ 12 — m?)Vyur
—n(l% — m?)Vpin
—V/3In*Vpar
—V3mn?Vyax
+V3n(12 + m?) Vpr
+(1% + m? — 4*m?) Vygr
+in(1 — 4m>)Vygr
+mn(l — 4%)Vyge
2m(m? — 1) Vygn
—mn[l +2(1%2 — m?)|Vygr
+nl[l — 2(12 — m?)|Vagr
—2/3lmn?Vyy,
+V3mn(12 +m? — n?)Vyar
+V3In(1?2 + m? — n?)
+H[I2 +m? — (12 = m?)? ) Vyar
)
)

+V3n2(m? — 1*)Vyar +

+3n2(l2 +m? Viadr

)

)
fﬁln(lz + mz)Vdd(;
+[n + 3 (l2 22

)
2)\2
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B.4 Gaunt coefficients and Coulomb integrals

For the d shell, in the basis of spherical harmonics, the coefficients G (m, m’) = (Im|YF|im/)
with & = 2, 4 are:

[-v/20 /30 -v/20 0 0
) V30 VB V5 V30 0
G2 = 7\/4— _m _\/5 m _\/5 _m
i 0 V30 V56 V5 V30
L0 0 -v20 V30 -v20
1 V5 V15 V35 VT0]
) VB -4 V30 -V/40 /35
G4=7\/4_ V15 -v/30 6 -v30 V15
"|1V35 VA0 V30 -4 B
VT V3 VI - 1]
The two-index Coulomb integrals can be written as
21 2l
Unm = Zak(mm, m'm')F), = Zbk(m,m')Fk,
k=0 k=0
! 2l
Jmm = ak(mm',m’m)Fk:ch(m,m')Fk,
k=0 k=0
where
4 b k
ap (Mg my, mgmy) = Gy D (Im |V ) (Img[Y | 1m).
q=—k
For [ = 2, in the basis of spherical harmonics
111117 [ 4-2-4-2 47 1 4 6 -4 17
11111 ] 21 2 1-2 11 -4 16 -24 16 -4
b= 11111 bo=—1| -4 2 4 2 -4 by=—=| 6 -24 36 -24 6
0 > 49 ‘7499
11111 212 1-2 -4 16 -24 16 -4
| 11111 | | 4-2-4-2 4 ] | 1 4 6 -4 1 |
(10000 (464007 [ 1 51535 70 ]
01000 ] 61160 11 516 30 40 35
= 1 =—1|41414 =——11 1
Co 00100 Ca 19 Cq 199 5 30 36 30 15
00010 06116 3540 30 16 5
L 00001 | | 00464 | | 70 3515 5 1 |
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In the basis of real harmonics, we find instead

(111117 [ 4242 4]
11111 24222

1 11

bo=| 11111 | by=75| -4 24 24| b= 50
11111 2.2 2 42
11111 | 4242 4 |
10000 ] (43430
01000 34133
o= 00100 =5 41414
00010 33143
00001 | 03434

36 -4 6 -4
-4 36 -24 -4
6 -24 36 -24
-4 -4 -24 36

| 34 4 6 -4

36 20 15 20
20 36 30 20
15 30 36 30
20 20 30 36
35 20 15 20

For [ = 2 the transformation matrix M from spherical to real harmonics is

1
M=—
V2

Sometimes the Coulomb integrals are given as linear combination of Racah parameters instead
DE,B =
4, -

[ 5 0 00 q]
0 i 040
0 0v200
0-1 010

10 001 |

than of Slater integrals F. For the d shell, the Racah parameters are A = Fy —

1 5 _ 35
EFQ — EF4,andC' = 441F4.

-34

441
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