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8.2 Eva Pavarini

1 Introduction

The electronic many-body problem, in the non-relativistic limit and in the Born-Oppenheimer
approximation, is described by the Hamiltonian

(SIS SEPNT= RPM e ML

where {7;} are electron coordinates, { R, } nuclear coordinates and Z, the nuclear charges.
Using a complete one-electron basis, for example the basis {¢,(7) }, where {a} are the quantum
numbers, we can write this Hamiltonian in second quantization as

E tabc Cb+ E Uaa’bb’ Ca a’cb’cb
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Here the hopping integrals are given by

to= fardun(-39 = X ) o)

Ven ("’)

while the elements of the Coulomb tensor are
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In principle, all complete one-electron bases are equivalent. In practice, since, in the general
case, we cannot solve the /N-electron problem exactly, some bases are better than others. One
possible choice for the basis are the Kohn-Sham orbitals, {¢25(r)}, obtained, e.g., in the local
density approximation (LDA)! In this case, it is useful to replace the electron-nuclei interaction
Ven (1) With the DFT potential vg(r), which includes in addition the Hartree term vy (7) and the
(approximate) exchange-correlation potential v,.(7)

VR(T) = Ven(T) + /dr’ |ZY'T>I| + vye(T),
v (r)
so that
top = —/dr W(r) (—%VQ + UR(T)> }fs('r). (2)

To avoid double counting (DC), we have however to subtract from H u the term H’DC, which
describes the Coulomb terms already included in the hopping integrals

E tabc cb—i— g Uaa/bb/ c CT,cb,cb HDC

aba’b’
N
TV v

fo=FLDA Afly

"For the purpose of many-body calculations the differences between LDA, GGA, or their plain extensions are
in practice negligible; for simplicity, in the rest of the lecture, we thus adopt LDA as representative functional.
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For weakly-correlated systems, in the Kohn-Sham basis, the effects included in AﬁU can, in
first approximation, either be neglected or treated as a perturbation. This implies that H LDA
H.g, where H,g is the effective model which provides a good description of the system (at least)
at low energy, and which describes emergent effective “elementary particles” and their interac-
tions. Hypothetically, one could imagine that H.g is obtained via a canonical transformation,
so that I—LH ~ST1H o S , although the exact form of the operator S is unknown.

A defining feature of strong-correlation effects is that they cannot be described via a single-
electron Hamiltonian, however. A model of form H LDA does not capture the Mott metal-
insulator transition, no matter what the specific values of the parameters t,, are.> Thus for
strongly-correlated materials the low-energy effective model must have a different form. For
Mott systems a canonical Hamiltonian is the Hubbard model

H==> Y "t"clc,, + U niny, 3)
o %

which includes, in addition to a single-electron term, the on-site Coulomb repulsion. This
Hamiltonian captures the essence of the Mott transition. At half filling, for U = 0 it describes a
paramagnetic metal, and for #*'(1—6; )=0 an insulating set of paramagnetic atoms. Unfortu-
nately, differently from Hamiltonians of type H LDA Hubbard-like models cannot be solved ex-
actly in the general case. Remarkably, till 30 years ago, no method for describing the complete
phase diagram of (3) in one coherent framework, including the paramagnetic insulating phase,
was actually known. This changed between 1989 and 1992, when the dynamical mean-field
theory (DMFT) was developed [1-4]. The key idea of DMFT consists in mapping the Hubbard
model onto a self-consistent auxiliary quantum-impurity problem, which can be solved exactly.
The mapping is based on the local dynamical self-energy approximation, very good for realistic
three-dimensional lattices—and becoming exact in the infinite coordination limit [1,2].

DMEFT was initially applied only to simple cases, due to limitations in model building, computa-
tional power, and numerical methods for solving the auxiliary impurity problem (the quantum-
impurity solvers). In the last twenty years remarkable progress lifted many of these limitations.
First, reliable schemes to build realistic low-energy materials-specific Hubbard-like models
have been devised, in particular using Kohn-Sham localized Wannier functions. This is as-
tonishing, given that we do not know the exact operator S which gives the effective low-energy
Hamiltonian, and thus a truly systematic derivation is not possible. Second, key advances in
quantum-impurity solvers and increasingly more powerful supercomputers made it possible to
study always more complex many-body Hamiltonians. The approach which emerged, consist-
ing in solving within DMFT materials-specific many-body Hamiltonians constructed via LDA,
is known as the LDA+DMFT method [5-7]. This technique (and its extensions) is now the
state-of-the-art for describing strongly-correlated materials. In this lecture I will outline the
basic ideas on which the method is based, its successes and its limitations. This manuscripts
extends the one of last year’s school—in which more details on the model building aspects can
be found—to the calculation of linear response functions.

20One can obtain an insulator by reducing the symmetry, e.g, by increasing the size of the primitive cell. This
Slater-type insulator has however different properties than a Mott-type insulator.



8.4 Eva Pavarini

2 From DMFT to LDA+DMFT

We will start by introducing the basics of DMFT. First we will consider a case for which
analytic calculations can be performed, the two-site Hubbard Hamiltonian. This is a toy model,
useful to illustrate how the method works, but for which, as we will see, DMFT is not a good
approximation. Indeed, the Hubbard dimer is the worst case for DMFT, since the coordination
number is the lowest possible. Next we will extend the formalism to the one-band and then to the
multi-orbital Hubbard Hamiltonian. For three-dimensional lattices the coordination number is
typically large and thus DMFT is an excellent approximation. Finally, we will discuss modern
schemes to construct materials-specific many-body models. They are based on Kohn-Sham
Wannier orbitals, calculated, e.g, using the LDA functional. The solution of such models via
DMEFT defines the LDA+DMFT method.

2.1 DMEFT for a toy model: The Hubbard dimer

The two-site Hubbard model is given by
[:[ = &4 Zﬁia — tz <CLTC2J + 020010> +U Z ﬁiTﬁiia

with ¢ = 1, 2. The ground state for N = 2 electrons (half filling) is the singlet?

ag(t, U) ay (tu U)
G = RV <CITC£¢ - CLC§¢> 0) + 3 <C§TCL + C;TC$¢> 10) )
with
1 AGU)-U 4¢* 2
2(4,U) = ’ 5(t,U) =
a(t,U) A(t,U) 2 ’ aa(t, U) Alt,U) At,U) = U’
and

A(t,U) = VU? + 16t2.
The energy of this state is
1
Ey(2) = 24 + §(U — A(t,U)).

In the 7" — 0 limit, using the Lehmann representation (see Appendix B), one can show that the
local Matsubara Green function for spin o takes then the form

SOt (RS (2 WS S (1)
P A v, — (Bo(2) — eatt—p) vy — (Eo(2) — ea—t—p)
iy = (= Bo(2) + UtBeatt—p) — ivn — (= Eo(2) + U3ey—t—p) )’

3Eigenstates and eigenvalues of the Hubbard dimer for arbitrary filling can be found in Appendix A.1.
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where v, = m(2n+1)/( are fermionic Matsubara frequencies, 1 = &4 + U/2 is the chemical
potential, and the weight is w(t,U) = 2a,(t,U)as(t,U). The local Green function can be
rewritten as the average of the Green function for the bonding (k = 0) and the anti-bonding
state (k = m), i.e.,

G (i) - | 1 . 1
i ZVn - = s 3 B B .
bt 2\ v, +pu—eq+t—X9(0,iv,) v, +p—eqg—t—X(m,ivy,)

J/

-~

G (0,ivn) G (m,ivn)
The self-energy is given by

U U? 1

+ = —
2 Ay, tp—eq—Y— €3t

Xk, iv,) =
The self-energies X7 (0, iv,,) and X°(r, iv,) differ due to the phase ¢* = 41 in their denomi-
nators. The local self-energy is, by definition, the average of the two

U+U2 iy +p—ca— 9
2 4 (i tp—ea—Y)2—(3t)%

X7 () = %(E”(w,wn) + E”(o,wn)) -

The difference
U? 3t
4 (ivg+p—eq—5)— (3t)

AST (iv) = %(Z’U(ﬂ,iyn) — 2o(0,i)) =

thus measures the importance of non-local effects; it would be zero if the self-energy was inde-
pendent of k. Next we define the hybridization function

(t+ A7 (iv,))?
Wy + o —eq — X7 (ivy,)

F(iv,) =

which for U = 0 becomes

2
F§ (iv,) = .
By using these definitions, we can rewrite the local Green function as
1

Wy + o —eq — Fo(iv,) — X9 (ivy,)

G7(ivn) = (5)

It is important to point out that, as one may see from the formulas above, the local Green
function and the local self-energy satisfy the following local Dyson equation

1 1
X7 (e n) — - )
(ivn) &7 (i) G, (i)

where &7, (iv,) is given by

1
Wy + o —eq — Fo(iv,)

QS;’Z(WH) =
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Thus, one could think of mapping the Hubbard dimer into an auxiliary quantum-impurity model,
chosen such that, within certain approximations, the impurity Green function is as close as
possible to the local Green function of the original problem. How can we do this? Let us adopt
as auxiliary model the Anderson molecule

]:.’A = &5 Zﬁso - tz <CZUCSU + Clgcda> + &4 Z ﬁdo— + UﬁdTﬁdJ,. (6)

The first constraint would be that Hamiltonian (6) has a ground state with the same occupations
of the 2-site Hubbard model, i.e., at half filling, ny = ns, = 1. Such a self-consistency condition
is satisfied if e, = pu = €4 + U/2. This can be understood by comparing the Hamiltonian
matrices of the two models in the Hilbert space with N = 2 electrons. To this end, we first
order the two-electron states of the Hubbard dimer as

1) = Chc$¢|0>> |4) = \%(CITCQ - CLCQT)IOX
2) = CL¢£¢|O>> 5) = CITCL’O%
13) = Z5(clyeh, + ¢ ch)0), 6) = chpch,[0).

In this basis the Hamiltonian of the Hubbard dimer has the matrix form

2, 0 0 0 0 0
0 2, 0 0 0 0
X 0 0 2, O 0 0
Hg(gd, U, t) =
0 0 0 24 —V2u =V
0 0 0 =2 2e44U 0
0 0 0 —v2 0 2e 44U

The ground state, the singlet given in Eq. (4), can be obtained by diagonalizing the lower
3x3 block. For the Anderson molecule, ordering the basis in the same way (1 — d,2 — s),
this Hamiltonian becomes

cgtes 0 0 0 0 0

0 e4+es O 0 0 0
A4 0 0 Eqt+Es 0 0 0
H2 (€d7 Ua t) 65) ==

0 0 0  egtes —V2 —\V2

0 0 0 =2 244U 0

0 0 0 —V2t 0 2,

Comparing the lower 3 x 3 block of a (g4, U, t; £,) with the corresponding block of H, (€4, U, 1)
we can see that, unless ¢, = pu = ¢4+ U/2, the two ionic states |5) and |6) have different
energies; hence, for €, # i, the two sites are differently occupied in the ground state.
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By setting ¢, = p we find that Hj' (e, U, t; 1) = Ho(e4+Y, Y, ¢). The N = 2 ground state of

H (24, U, t; 1) has thus the form of the ground-state for the Hubbard dimer

ay(t,U/2) <T

as(t,U/2)
Gya = 2 ( J chel, + 02@0 10),

t TT)
ch.e chc 0) +
vz e ~eac ) [0+ =7

and the condition n, =ny =1 is satisfied. Since €5 # ¢4, however, the eigenstates of HA for
one electron (N = 1) or one hole (N = 3) are not the bonding and antibonding states.* The
impurity Green function is then given by

Gg,d(”ﬂ) =

1( 1+ w'(t,U) ., 1—w'(t,U)
A\ivy, — (Eo(2) — E-(1) — p)  ivn — (Eo(2) — E4(1) — p)
1+ /(L)

1 —w'(t,U) )
iy — (E-(3) — Eo(2) — ) ive — (B4 (3) — Eo(2) — ) )

where
Eo(2) — E+(1) —p= — (Ei(?)) — Ey(2) - M) - _}1 (QA(t, U/2) £ Alt, U)),

and

1 322 -U?
(tU) == .
i U) = 5 A AL T2

After some rearrangement we obtain a much simpler expression

1
Wy + 1 — eq — FG (i) — X (ivy,)

g,d@’/n) =

The impurity self-energy equals the local self-energy of the Hubbard dimer

U U? 17
S ivy) = o e
Alin) =5+ T T @0y

The hybridization function is given by

. t2
Fg (ivy,) =

n
For U = 0, G 4(iv,) equals the non-interacting impurity Green function

1

G (ivy,) = :
2a(#Vn) iWp 4+ 1 —eq — FG(ivy)

The impurity Green function thus satisfies the impurity Dyson equation

1 1
29 (iv,) = - — —.
Ain) = Gy~ Gyt

“The complete list of eigenvalues and eigenvectors of the Anderson molecule for €, = €4 + U/2 and arbitrary
electron number N can be found in Appendix A.2.
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Fig. 1: Green functions of the Hubbard dimer (t = 1,U = 4) and the Anderson molecule
(es = €4+ U/2) in the zero temperature limit. Left panels, blue: Hubbard dimer with local self-
energy only, i.e., with AX7(w) = 0. Left panels, orange: Anderson molecule. Right panels:
Exact Green function of the Hubbard dimer. Dashed lines: Poles of the Green function of the
Anderson molecule (left) or Hubbard dimer (right).

In Fig. 1 we show the impurity Green function of the Anderson molecule (orange, left panels)
and the local Green function of the 2-site Hubbard model, in the local self-energy approximation
(blue, left panels) and exact (blue, right panels). Comparing left and right panels we can see
that setting AX7(w) = 0 yields large errors. The left panels demonstrate, however, that the
spectral function of the Anderson molecule is quite similar to the one of the Hubbard dimer
with AX?(w) = 0. The small remaining deviations come from the fact that, for the Hubbard
dimer, in the impurity Dyson equation, the non-interacting impurity Green function is replaced
by &7, (iv,,) in the local self-energy approximation, i.e., with the bath Green function

o ([ 1
gi,i@”n) —Z'Vn + L—Eq— ]_—lo-(iyn) )
where
t2
]:lo(iyn> =

iy + p—eq — Xq(ivy,)
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We are now in the position of explaining how DMFT works for the Hamiltonian of the Hubbard
dimer, choosing the Anderson molecule Hamiltonian (6) as the auxiliary quantum-impurity
model. The procedure can be split in the following steps

1. Build the initial quantum-impurity model with G3%(iv,) = G}7(iv,,). The initial bath is
thus defined by energy €, = ¢4 and hopping ¢.

2. Calculate the local Green function G ,(iv,) for the auxiliary model.

3. Use the local Dyson equation to calculate the impurity self-energy

1 1
X9 (i) = - .
Alivn) = Gy ™ Gyt

4. Calculate the local Green function of the Hubbard dimer setting the self-energy equal to
the one of the quantum-impurity model

G7 (i) 1 1 n 1
e 2 \iv, +pu—eq+t—2X90iv,) v, +p—eq—t — X9(ivy,)
5. Calculate a new bath Green function G7;(iv,,) from the local Dyson equation

1
2aivy) + 1/G?,i(i”n)‘

gzc,rz(zyn) =

6. Build a new G (iv,,) from G, (iv,,).
7. Restart from the second step.
8. Iterate till self-consistency, i.e., here till n§ = n¢ and X9 (iv,,) does not change any more.

The Anderson molecule satisfies the self-consistency requirements for ¢, = p. The remaining
difference between G'7 ,(iv,,), the impurity Green function, and G¢,(iv,), the local Green func-
tion of the Hubbard dimer in the local self-energy approximation, arises from the difference in
the associated hybridization functions

AF(ivy) = F (iv,) — FJ (ivy) = tp? ( — % + 1_ s i €a>
where p? = U?/8¢? and g, = /912 + U2 /4. If we use the Anderson molecule as quantum-
impurity model we neglect AF;(iv,); the error made is small, as shown in the left panels of
Fig. 1. To further improve we would have to modify the auxiliary model adding more bath
sites. Remaining with the Anderson molecule, let us compare in more detail its spectral func-
tion with the exact spectral function of the Hubbard dimer. Fig. 2 shows that the evolution as a
function of U is different for the two Hamiltonians. Anticipating the discussion of later sections,
if we compare to the spectral function of the actual lattice Hubbard model, we could say that the
Anderson molecule partially captures the behavior of the central “quasi-particle” or “Kondo”
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10 | o -:

-Im G(w)
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o

Fig. 2: Imaginary part of the Green function of the Anderson molecule (orange) and Hubbard
dimer (blue) in the zero temperature limit. For the Hubbard dimer the exact Green functions
are used, as in the right panels of Fig. 1. Parameters: t = 1, e; = u. Top: U = 0 (left) and
U = 4t (right). Bottom: Evolution with increasing U from 0 to 4t in equal steps.

peak with increasing U, although the Kondo effect itself is unrealistically described; as a matter
of fact, the Kondo energy gain (the “Kondo temperature™) is perturbative (o< t2/U) in the case
of the Anderson molecule, while it is exponentially small for a Kondo impurity in a metallic
bath. On the other hand, the Hubbard dimer captures well the Hubbard bands and the gap in the
large-U limit. The example of the Anderson molecule also points to the possible shortcomings
of DMFT calculations for the lattice Hubbard model (3) in which the quantum-impurity model
is solved via exact diagonalization, however using a single bath site or very few; this might
perhaps be sufficient in the limit of large gap,® but is bound to eventually fail approaching the
metallic regime. Indeed, this failure is one of the reasons why the solution of the Kondo prob-
lem required the development of—at the time new—non-perturbative techniques such as the
numerical renormalization group. Finally, the example of the Hubbard dimer shows that DMFT
is not a good approximation for molecular complexes with two (or few) correlated sites. This
is because in such systems the coordination number is the lowest possible, the worst case for
dynamical mean-field theory. In three dimensional crystals, instead, the coordination number is
typically large enough to make DMFT an excellent approximation.

SFor a discussion of bath parametrization in exact diagonalization and the actual convergence with the number
of bath sites for the lattice Hubbard model see Ref. [8].
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2.2 Non-local Coulomb interaction

In Sec. 2.1 we have seen that the local Coulomb interaction gives rise, alone, to non-local self-
energy terms, which can be very important. What is, instead, the effect of the non-local part
of the Coulomb interaction? For a Hubbard dimer, extending the Coulomb interaction to first
neighbors leads to the Hamiltonian

H =£&4q Z TALZ‘U — tz <CJ{UCQU + cgaclg) +U Z TALZ‘TTALN,
i o

i=1,2

+ Z (V - 2<]V - JV 6ggl)flla-ﬁ20—/ - JV Z (CITCN(CI/\LCi/T + CI’TCLiCiTCi‘L> ,
oo’ i#£i!
where the parameters in the last two terms are the intersite direct () and exchange (Jy)
Coulomb interaction. For two electrons the Hamiltonian, in a matrix form, becomes

2e4+V —=3.J 0 0 0 0 0
0 2e4+V —=3.J 0 0 0 0
. 0 0 2e4+V —3Jy 0 0 0
HY" =
0 0 0 24V —J, —V2 —\2t
0 0 0 V2t 24U  —Jy
0 0 0 —V/2t —Jv  2e44U

Since Jy > 0, the effect of Jy is to lower the energy of triplet states with respect singlet states.
This might change the nature of the ground state. If, however, Jy is sufficiently small, the
ground state remains a singlet. Setting for simplicity Jyy = 0, we can notice that }A[%\IL equals
ﬂé(g&, U’,t), the corresponding N= 2-electron Hamiltonian of the .J;= V=0 Hubbard dimer,
with parameters €/, = ¢4+ V/2 and U'=U—V. The N=2 ground state is thus still given by
Eq. (4), provided, however, that we replace U with U’ in the coefficients. Eventually, in the
limiting case U=V, PA[%\IL equals the corresponding Hamiltonian of an effective non-correlated
dimer. What happens away from half filling? For N= 1 electrons, eigenvectors and eigenvalues
are the same as in the V=0 case; for N= 3 electrons all energies are shifted by 2V. This leads
to further differences in the local Green function with respect to the V'=0 case—in addition
to those arising from replacing U with U’; to some extent, these additional changes can be
interpreted as a hopping enhancement from ¢ to ¢ + 1//2. Putting all these results together, we
could thus say that, in first approximation, the (positive) intersite coupling V' effectively reduces
the strength of correlations.

In conclusion, strong-correlation effects typically appear when the local term of the electron-
electron repulsion dominates, i.e., when it is much larger than long-range terms. Instead, a
hypothetical system in which the Coulomb interaction strength is independent on the distance
between sites (here U=V") is likely to be already well described via an effective weakly corre-
lated model. Of course, in real materials, the effects of long-range Coulomb repulsion can be
much more complicated than in the two-site model just discussed, but the general considerations
made here remain true even in realistic cases.



8.12 Eva Pavarini

2.3 Quantum-impurity solvers: Continuous-time quantum Monte Carlo

For the case of the Anderson molecule exact diagonalization is the simplest quantum-impurity
solver and the one that provides most insights. Methods based on quantum Monte Carlo (QMC)
sampling are often, however, the only option for realistic multi-orbital and/or multi-site mod-
els. Here we explain how to obtain the impurity Green function of the Anderson molecule via
hybridization-expansion continuous-time QMC [9], a very successful QMC-based quantum-
impurity solver. In this approach, the first step consists in splitting the Hamiltonian into bath
(Hyain), hybridization (Hyyy), and local (Hy,.) terms

Aa . . o
H"® = ¢, Z Mgy —1 Z (c;rlacw + ciacda) + &4 Z Ndoe + UNgrNay -
ag ag ag

- AN J/ N

~~ ~ ~

Hypatn Hyyp Hyoe

Next, we write the partition function Z as a perturbation series in the hybridization. To this end,
we define Hy = Hyan + Hioe and rewrite the partition function as

Z =Tr (e*’B(HO*“N)V(ﬁD
where the operator V() is given by

. - - : p B 1 .
V() = eBHo—uN) g=BHo+ Huyo—pN) _ Z/ dri- / dr,, (_1)mHl_ Hygn(7),
m \0 T —1 N =m ,

f drm 6m(r)

and
[:[hyb(Tl) = en(Ho—uN)fIhybe—n(Ho—uN) = —tz (CLOZ (TZ)CSUI (Tl) + clal(n)cdgl (Tl))-

In this expansion, the only terms that contribute to the trace are even order ones (m = 2k) and
they are products of impurity (d) and bath (s) creator-annihilator pairs. We can thus rewrite

/dT% — /drk / dr* 0% (1) — Z OA?,’fc-,(T, T)
where
025(r.7) = 0 [T (el (Reaa, (Rl (), (7))
The vector o = (071, 09, ..., 0,) gives the spins {o;} associated with the k impurity annihilators

at imaginary times {7;}, while & = (71, 09, ..., 0%) gives the spins {7;} associated with the
k impurity creators at imaginary times {7;}. It follows that the local and bath traces can be
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decoupled and the partition function can be rewritten as

Z/ dT/ T Zd 05T T)

Zbath

ds (7,7) = ()* Troam (e_ﬁ(gb“h_um)Tﬂilzkclai (Ti)Cs@-(ﬂ)) [ Zvath

o,0

tfi,&('ﬂ 7) = Triec <6_B(gloc_#Nd)Tﬂz'1:deoi (Ti>cjlai(7_—i)> )

where Zpaun = 1 + 26_5(55—#) + e—2ﬂ(€s—u) and

T(ﬁbath—#Ne)

T(Hloc_#Nd)cdo_e_T(Hloc_lLNd)’ coo(T) =€ p Csa_e_T(Hbath_#Ns)'

car(T) =€

The trace involving only bath operators is simple to calculate, since f[bath describes an inde-
pendent-electron problem, for which Wick’s theorem holds. It is given by the determinant

d];.’o.(T, 7:) = det (_/—"570,(7‘7 77_))

of the &k x k non-interacting hybridization-function matrix, with elements
(‘Fg,a (T7 7_-))1'/’1' = ]:&(lz,ai (7_-i/ _T’i>

where

FO(r) =6, r { —er e >0,

o 1 + 6—[3(65—#) X +6*(5+T)(55*N) T < O

This is the imaginary time Fourier transform of the hybridization function introduced previously

0 t°
Fs. Siv,) = P

) 0_',0"

The calculation of the local trace is in general more complicated. In the case discussed here,
the Hamiltonian does not flip spins. Thus only terms with an equal number of creation and
annihilation operators per spin contribute to the local trace, and we can express the partition
function in expansion orders per spin, k. This yields [10]

thh (Hz/kod“/ d“) o (T Tl (T, 7)

o ko=0

where the vectors o = (o4,0)) and & = (64, 0) have (ky, k) components, and for each k,
component 0; = ¢; = o. Thus

- - 1
t];&(T, 7) = Trige (e_B(HIOC_#Nd) TH H._k Cdaﬁ@)%aﬁ@)) .

The latter can be calculated analytically. To do this, first we parametrize all configurations for a
given spin via a timeline [0, 3) plus a number of creator/annihilator pairs which define segments
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“

Fig. 3: Representative configurations contributing to the local trace at zeroth, first and second
order. The timelines for spin up are red and those for spin down are blue. The filled circles
correspond to the insertion of a creator (time 11), and the empty circles to the insertion of an
annihilator (time T5). Dotted lines represent the vacuum state for a given spin, full lines the
occupied state. The grey boxes indicate the regions in which l; | # 0.

on the timeline. At zeroth order two possible configurations exist per spin, an empty timeline,
which corresponds to the vacuum state |0), and a full timeline, which corresponds to the state
CLU’0>. A given configuration yields at order k = ky + k|

ti&(Tv 7_') e (H S];‘T> e_ Zcro-/((Ed_l”’)(sao"+%(1_65,o”))lg,a/

where [, , is the length of the overlap of the 7 segments for spins ¢ and o', respectively, while
S, = sign(r,,—7,,) is the fermionic sign. Possible configurations at order £ = 0, 1,2 are
shown in Fig. 3. At order k£ = 0, summing up the contribution of the four configurations shown
in Fig. 3 yields the local partition function Z,. = 1+ 2e~#(Ea=#) 4 ¢=B2Ea=+U) Order k = 1
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is already more complicated. The bath trace in this case is

t?
dzl?o(ThTQ) = FFTOO'(ThT?) = _550,6 Sign(Tl_TQ)'
The local trace is instead given by
tho (72, 1) = Trige (€W t¥0T e ()l (7)) (7)

We can now calculate the contribution at half filling of the four £ = 1 configurations shown in
Fig. 3. In the case k4 = 1 and k| = 0 we have

(e (2—71)(ea—n) —  etmU/2
— e BQea—w)FU)+(ri—m)(ea—ptlU) _— _p=721U/2
tin(To, 1) =
TT(TZ 7_1) _6_(6_(7—1_7_2))(Ed_u) — _e(ﬁ—‘,—’rgl)U/Q
e—(2—m)(ea—p+U)—B(ea—n) = eB-m2)U/2

\

where 791 = 75 — 71 and o = ¢4 + U/2. Similar results can be obtained for £+ = 0 and k| = 1.
Summing up all terms up to order one we find

Z

Zbath

B B
NZIOC‘I—Z/ dTg/ dTl dclfg(TlaTQ)tclfU(T%Tl)
o 0 0

BU
1—e2 2t
~Zoe | 1l =———7—=0 ] -
1 ( 1+e> U B)
The exact formula of the partition function can be obtained from the eigenvalues and eigenvec-
tors in the Appendix A.2; its Taylor expansion in powers of ¢/U yields, at second order, the
expression above. Eq. (7) shows in addition that, for £ = 1, the local trace is proportional to
the local Green function, G ,(7). Indeed, G 4(7) can be calculated using the configurations

just described—provided that we start from k£ = 1 and we divide by the hybridization function.
More specifically, for k = 1 and 7 > 0 we have

1
FL(n—m)

1 (B P
2.a(T) ~ _B/o /0 EZTQdTl d:;U(Tl,Tg)t:;U(TQ,le 5(T — (Tg—ﬁ))
’U]l

Taking all £ values into account, the partition function can be expressed as the sum over all
configurations {c}, i.e., in short

7 = ch = Z |w,| sign w,.

In a compact form, we can write w, = dt, d. t. where d7, = [ Hf" dr,,d75,, and d. and ¢,
are the bath and local traces for the configuration c. This expression of the partition function
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shows that we can interpret |w,| as the sampling weight of configuration c. A generic observable
O can then be obtained as the Monte Carlo average on a finite number of configurations NV,

<O> _ ZC<OA>C|wc.| SIgN W _ > Sigr.l w0<é>c wel/ 2=, [wel ~ NL@ 25C<O.>CSign wc'
Zc |w| sign w Zc sign we [wel/ Zc |wel NLL >, sign w.
The term NL > .sign w, in the denominator is the average fermionic sign. When this is small,
much longer runs are required to obtain data of the same quality; eventually the computational
time can become so long that the calculation is in practice impossible—in these cases we have
a sign problem. In practice, the QMC simulation starts from a random configuration c. Next we
propose an update ¢ — ¢’. Within the Metropolis algorithm, the acceptance ratio is

P —c ’wc’ ‘ )

Pe—e ‘wcl

R._,» = min (1,

where p._. is the proposal probability for the update ¢ — ¢/. In the approach described here,
known as segment solver, the basic updates are addition and removal of segments, antisegments
(segments winding over the borders of the timeline, see Fig. 3), or complete lines. As example,
let us consider the insertion of a segment for spin . A segment is made by a creator and an
annihilator. The creator is inserted at time 7;,; the move is rejected if 73, is in a region where
a segment exists. If created, the segment can have at most length /.., given by the distance
between 73, and the time at which the next creator is, hence

_dr dt
Pe—e = 5 lmax .

The proposal probability of the reverse move (removing a segment) is instead given by the
inverse of the number of existing segments

1
ke +1

Pe'—e =

The acceptance ratio for the insertion of a segment becomes then

ﬁlmaaz )

k,+1
For the impurity Green function, here the most important observable, the direct average yields

dc/ te
dC tC

R._o = min(l,

ke ko
<O>c = < g,d>c = Z Z Z A(T, 7'0./]'—77'0/]‘) (ng)glj’gliéaVUﬂlj(SU’& 1
o' =1 j=1

where M* = (]—" k ) ! is the inverse of the hybridization matrix and

r—1) 7' >0
—6(t = (7"+pB)) 7 <0
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2.4 DMFT for the one-band Hubbard model

The Hubbard Hamiltonian (3) is in principle the simplest model for the description of the Mott
metal-insulator transition. In the tight-binding approximation it becomes

H = SdZﬁw —1 Z CZUCI»,U + UZ?QLZ'MQLN, (8)
o1 (") i

where (ii') is a sum over first neighbors. As discussed in the introduction, for U = 0, at
half-filling, this Hamiltonian describes a metallic band. For ¢ = 0 it describes an insulating
collection of disconnected atoms. Somewhere in between, at a critical value of ¢/U, a metal
to insulator transition must occur. In this section we will discuss the DMFT solution of (8)
and the picture of the metal-insulator transition emerging from it. The first step consists in
mapping the original many-body Hamiltonian into an effective quantum-impurity model, such
as the Anderson Hamiltonian

A — Zaiﬁkg + Z (V,jc;rwcdo + h.c.) —i—edZﬁdU + Ufigyia, -

J/ . J/
—~ v~

Hbath thb Himp

In this model the on-site Coulomb repulsion U appears only in the impurity Hamiltonian, H imp>
while the terms Hy ., and H hyb» describe, respectively, the bath and the bath-impurity hybridiza-
tion. In the next step, the quantum-impurity model is solved. Differently from the case of the
Anderson molecule, this cannot be done analytically. It requires non-perturbative numerical
methods, such as exact diagonalization, the numerical renormalization group, or QMC. Here
we describe the DMFT self-consistency loop for a QMC quantum-impurity solver. Solving
the quantum-impurity model yields the impurity Green function G ,(iv,,). From the impurity
Dyson equation we can calculate the impurity self-energy

Egl(i’/n) = (Ggad(“/n» - ( gd@”ﬂ))

Next, we adopt the local approximation, i.e., we assume that the self-energy of the Hubbard

-1

model equals the impurity self-energy. Then, the local Green function is given by

7 (i) ==Y L

TN, — iy = e — Ya(ivy)’

where NV is the number of k points. The local Dyson equation is used once more, this time
to calculate the bath Green function G?(iv,,), which in turn defines a new quantum-impurity
model. This procedure is repeated until self-consistency is reached, i.e., the number of electrons
is correct and the self-energy does not change anymore (within a given numerical accuracy). In
this situation we have

(CH (ivp) ~ ng(iun).

It is important to underline that self-consistency is key to the success of DMFT in describing
the metal-to-insulator transition. This can, perhaps, be best understood looking at the effects of
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Fig. 4: The metal-insulator transition in ferromagnetic Hartree-Fock. The calculation is for a
square lattice tight-binding model with dispersion ¢y, = —2t(cos k, + cos k).

self-consistency in a simpler approach, the static mean-field Hartree-Fock method.® The latter
consists in replacing the Coulomb interaction with the one-electron operator

Uﬁmflw — U(’ﬁnﬁu + ﬁinLu — ﬁm’ﬁu),
where 7;, is the expectation value of 7,,. Choosing the same primitive cell as in dynamical
mean-field theory (7;, = 7, ), the Hartree-Fock self-energy matrix is given by

Eﬁi/(ivn) = U(g - am) it
where o = +1 for spin up and 0 = —1 for spin down and m = (74 — 7} ) /2. The approximation
is then identical to replacing the Hubbard Hamiltonian with
) 1 )
Hyp = ; [5k + U(§ — crm)} Nk - 9)

This shows that he.g = 2Um plays the role of an effective magnetic field (Weiss field). The
self-consistency criterion is

Ne = Nyg = <ﬁia>HF7
where the expectation value (n;,)gr is calculated using the Hamiltonian fIHF, which in turn
depends on 7, via m. This gives the self-consistency equation

O.e—ﬂ(ak—i-U(%—Um)—p,)

11
T Ny 2 Ty R

If we set m = 0 the equation is satisfied; for such a trivial solution the static mean-field cor-
rection in Eq. (9) merely redefines the chemical potential and has therefore no effect. For
sufficiently large U, however, a non-trivial solution (m # 0) can be found. If m 0 the spin
up and spin down bands split, and eventually a gap can open. This is shown in Fig. 4. The
static mean-field correction in Eq. (9) equals the contribution of the Hartree diagram to the self-
energy, Y5 (iv,) = Un_,. In many-body perturbation theory, however, 1, = 1/2, i.e., m = 0.

®Keeping in mind that many self-consistent solutions obtained with the Hartree-Fock method are spurious.
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Fig. 5: VOMoO,: LDA+DMFT spectral function at finite temperature for 0 < U < 4. Energies
are in eV and spectral functions in states/spin/eV. The calculations have been done using a
continuous-time hybridization-expansion QMC solver [10]. A detailed LDA+DMFT study of
the electronic and magnetic properties VOMoO, can be found in Ref. [11].

In the self-consistent static mean-field approximation, instead, m can differ from zero, and a
phenomenon not described by the mere Hartree diagram can be captured, ferromagnetism in a
correlated metal. If mU is larger than the bandwidth, the system can even become an insulator.
In DMFT the role of the Weiss field is played by the bath Green function G, (iv,). The emerging
picture of the Mott transition is described in Fig. 5 for a representative single-band material. In
the U = 0 limit, the spectral function Ay(w) is metallic at half filling (top left panel). For
finite U, if we set X9(w) = 0 as initial guess, the DMFT self-consistency loop starts with
A(w) = Ag(w). For small U/t, the converged spectral function A(w) is still similar to Ag(w).
This can be seen comparing the U = 0.5 and U = 0 panels in Fig. 5. Further increasing U /t,
sizable spectral weight is transferred from the zero-energy quasi-particle peak to the lower (LH)
and upper (UH) Hubbard bands, centered at w ~ £U/2. This can be observed in the U = 1
panel of Fig. 5. The system is still metallic, but with strongly renormalized masses and short
lifetimes, reflected in the narrow quasi-particle (QP) peak. Finally, for U larger than a critical
value (U > 1.5 in the figure) a gap opens and the system becomes a Mott insulator. When this
happens the self-energy diverges at low frequency, where

U4
ValHi0) ~ 5+

In the large U/t limit the gap increases linearly with the Coulomb repulsion, i.e., £ (1) ~
U — W, where W is the bandwidth.
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2.5 DMFT for multi-orbital models

The multi-orbital Hubbard-like Hamiltonian has the form
[_A[ = [:I 0 —|— [_A[ U

Zzztmama CimaCitm' o’

i/ o mm/

E :E :E :E :Umpmp/ Cimo zpa’czpo’czma7

i oo’ mm' pp’

where m, m’ and p, p’ are different orbitals and the Coulomb tensor is local. The DMFT ap-
proach can be extended to solve models of this form, mapping them to multi-orbital quantum-
impurity models. The main changes with respect to the formalism introduced in the previous
section are then the following

€k — (Hk:>ma,m’0'/ (ZVn + ,u) — (ZVn + ,u) imU,m’o”
t” _>tinlama gdégmama :_t:ﬂ?ama

where 1 is the identity matrix. As a consequence, the local Green function, the bath Green
function, the hybridization function and the self-energy also become matrices

G7 (ivn) = G (iv) G (ivn) = Gl (iv) X (ivn) = Z00 (i)

The corresponding generalization of the self-consistency loop is shown schematically in Fig. 6.
Although the extension of DMFT to Hubbard models with many orbitals might appear straight-
forward, in practice it is not. The bottleneck is the solution of the generalized multi-orbital
quantum-impurity problem. The most flexible solvers available so far are all based on QMC.
Despite being flexible, QMC-based approaches have limitations. These can be classified in
two types. First, with increasing the number of degrees of freedom, calculations become very
quickly computationally too expensive—how quickly depends on the specific QMC algorithm
used and the actual implementation. Thus, going beyond a rather small number of orbitals and
reaching the zero-temperature limit is unfeasible in practice. The second type of limitation is
more severe. Increasing the number of degrees of freedom leads, eventually, to the infamous
sign problem; when this happens, QMC calculations cannot be performed at all. In order to
deal with limitations of the first type, it is crucial to restrict QMC calculations to the essential
degrees of freedom; furthermore, we should exploit symmetries, develop fast algorithms and
use the power of massively parallel supercomputers to reduce the actual computational time.
For the second type of problems not a lot can be done; nevertheless, it has been shown that a
severe sign problem might appear earlier with some basis choices than with others [10]. Al-
though eventually we cannot escape it, this suggests that the model set up can be used as a tool
to expand the moderate sign-problem zone. For what concerns symmetries, in the paramagnetic
case and in absence of spin-orbit interaction or external fields, an obvious symmetry to exploit
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Fig. 6: LDA+DMFT self-consistency loop. The one-electron Hamiltonian is built in the basis
of Bloch states obtained from localized Wannier functions, for example in the local-density
approximation (LDA); this gives HEP. The set {i..} labels the equivalent correlated sites inside
the unit cell. The local Green-function matrix is at first calculated using an initial guess for the
self-energy matrix. The bath Green-function matrix is then obtained via the Dyson equation
and used to construct an effective quantum-impurity model. The latter is solved via a quantum-
impurity solver, here quantum Monte Carlo (QMC). This yields the impurity Green-function
matrix. Through the Dyson equation the self-energy is then obtained, and the procedure is
repeated until self-consistency is reached.

is the rotational invariance of spins, from which follows

X7 (i) = Gt Xoms (i),

,m
where X = G, G, Y. In addition, if we use a basis of real functions, the local Green-function
matrices are real and symmetric in imaginary time 7, hence

X7 (i) = Ot Xomms (V) = Oort Xomr (i),

N

Finally, often the unit cell contains several equivalent correlated sites, indicated as {i.. } in Fig. 6.
In order to avoid expensive cluster calculations, we can use space-group symmetries to construct
the matrices G, G, X at a given site 7/, from the corresponding matrices at an equivalent site, e.g.,
1. = 1. Space-group symmetries also tell us if some matrix elements are zero. For example, for
a model with only ¢y, (or only e,) states, in cubic symmetry, in the paramagnetic case and in
absence of spin-orbit interaction or external fields, we have

XU’U, (Zyn) = 50,0’ Xm,m(iVn) 6m,m'-

m,m/
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2.6 LDA+DMFT: Model building

How do we build realistic Hubbard-like models for correlated materials? The state-of-the art

approach relies on constructing, for a given system, materials-specific Kohn-Sham Wannier

functions ¢&5 (). These can be obtained via electronic structure calculations based on density-
functional theory [5-7], e.g., in the LDA approximation.” After we have built the complete one-
electron basis, the first steps in model-building are those already described in the introduction.
We recall here the essential points and then discuss the next stage. The many-body Hamiltonian

can be expressed as H= F[o + F[U — F[Dc, with

2 S ALDA E 'E :E :
HO_H tmm zmo zma’
i’
Ui e, e
mp m'p’ zma jpo’“j'p o’ Zi'm!o”

153" oo’ mm/pp’

The double-counting correction Hpg arises from the fact that the hopping integrals are cal-
culated replacing the electron-nuclei interaction v, () with the self-consistent DFT reference
potential

1
VR(7) = Ven(T) + /d’r’ ] + Uye(T),
|
vn(r)

which includes the long-range Hartree term vy () and the exchange-correlation contribution
Uxe(7). To avoid to count these terms twice, we thus subtract from Hy the effects already
included in H,

[A{U — A[A{U = ﬁU — ﬁDc.

Unfortunately we do not know which important correlation effects are indeed included in H, via
vgr(r), and therefore the exact expression of AHU 1s also unknown. The remarkable successes
of the LDA suggest, however, that in many materials the LDA is overall a good approximation,
and therefore, in those systems at least, the term AHy; can be completely neglected. What
about strongly-correlated materials? Even in correlated systems, most likely the LDA works
rather well for the delocalized electrons or in describing the average or the long-range Coulomb
effects. Thus one can think of separating the electrons into uncorrelated and correlated; only
for the latter we do take the correction AHy; into account explicitly, assuming furthermore that
AH v 18 local or almost local [5], since we know that it is the local term which is responsible
for most non-trivial many-body effects. Typically, correlated electrons are those that partially
retain their atomic character, e.g., those that originate from localized d and f shells; for conve-
nience, here we assume that in a given system they stem from a single atomic shell [ (e.g., d for

"Using GGA or similar functionals in place of LDA yields minor differences in the many-body Hamiltonian;
instead, using LDA+U or similar approximations yields Hartree-Fock-like effects that would have to be subtracted
via the double-counting correction.
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transition-metal oxides or f for heavy-fermion systems) and label their states with the atomic

quantum numbers [ and m = —I, ..., [ of that shell. Thus
[t Ufnpmp iji'y =dtii N mp,m'p €1
mpm'y/ 0 iji’y" £ i Vo omp,m'p’ & 1.

Within this approximation AHy is replaced by AH!, = Hl, — HL ., where Hb, is, e.g., given
by the static mean-field contribution of H};. There is a drawback in this procedure, however.
By splitting electrons into correlated and uncorrelated we implicitly assume that the main ef-
fect of the latter is the renormalization or screening of parameters for the former, in particular
of the Coulomb interaction. The computation of screening effects remains, unfortunately, a
challenge. The calculation of exact screening would require the solution of the original many-
body problem, taking all degrees of freedom into account, an impossible task. Commonly-
used approximate schemes are the constrained LDA approximation (cLDA) and the constrained
random-phase approximation (RPA) [5-7]. Both methods give reasonable estimates of screened
Coulomb parameters for DMFT calculations. Typically cRPA calculations include more screen-
ing channels and are performed for less localized bases than cLDA calculations; thus cRPA
parameters turn out to be often smaller than cLDA ones. To some extent, the difference can be
taken as an estimate of the error bar.

After we have selected the electrons for which we think it is necessary to include explicitly the
Hubbard correction, we have to build the final Hamiltonian for DMFT calculations. To this end,
it is often convenient to integrate out or downfold, in part or completely, the weakly correlated
states. There are different degrees of downfolding. The two opposite extreme limits are (1) no
downfolding, i.e., keep explicitly in the Hamiltonian all weakly-correlated states (i1) massive
downfolding, i.e., downfold all weakly correlated states. If we perform massive downfolding,
e.g., downfold to the d (or ¢4 or ty,) bands at the Fermi level, the Hamiltonian relevant for
DMFT takes a simpler form. The LDA part is limited to the selected orbitals or bands, which,
in the ideal case, are decoupled from the rest

ﬁLDA Zzzt zma zma

The local screened Coulomb interaction for this set of orbitals is the on-site tensor

2 : T
E E E Umamgmamﬁ 'Lmaaczmﬁa’czmﬁa’czm o

oo’ maml, mBm

It is important to point out that the level of downfolding does not modify the hardness of the
quantum-impurity problem. If, for example, in studying a transition-metal oxide, we plan to
treat only 3d bands as correlated, it does not matter if we perform calculations with a Hamilto-
nian containing also, e.g., O p states, or we rather downfold all states but the 3d and work with
a set of Wannier basis spanning the 3d-like bands only. The number of correlated orbitals in the
quantum-impurity problem is the same.’

8The choice might influence how severe the QMC sign problem is, however.
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Fig. 7: NMTO Wannier-like orbitals for t,, states in LaTiO3 obtained via massive downfolding
to the toq bands. The ty4-like orbitals have O p tails at the neighboring O sites reflecting the
distortions of the lattice. The figure has been taken from Ref. [12].

One advantage of massive downfolding is that the double-counting correction typically becomes
a shift of the chemical potential, and it is therefore not necessary to calculate it explicitly. A
second important advantage is that the interpretation of the final results is simpler. Instead, a
disadvantage is that the basis functions are less localized, and therefore the approximation of
the Coulomb interaction to a local operator might be less justified, and in some cases it might be
necessary to include non-local Coulomb terms. The effect of downfolding on the localization of
Wannier functions is illustrated for example in Fig. 7. Finally, another disadvantage of massive
downfolding is that the energy window in which the model is valid is more narrow.

All advantages and disadvantages considered, what is then the best way of performing DMFT
calculations? There is no universal answer to this question; it depends on the problem we are
trying to solve and the system we are studying. Independently of the degree of downfolding
we choose, it is important to point out that a clear advantage of Wannier functions in gen-
eral is that they carry information about the lattice, bonding, chemistry, and distortions. This
can be seen once more in Fig. 7, where orbitals are tilted and deformed by the actual struc-
ture and chemistry of the compound. Indeed, one might naively think of using an “universal”
basis, for example atomic functions, the same for all systems, and thus calculating the hop-
ping integrals using simply the electron-nuclear interaction v, (7). Besides the complications
arising from the lack of orthogonality, such a basis has no built-in materials-specific informa-
tion, except lattice positions. It is therefore a worse starting point for describing the electronic
structure, even in the absence of correlations: larger basis sets are required to reach the same
accuracy. From the point of view of LDA+DMFT, an advantage of an universal basis would
be that it is free from double-counting corrections; on the other hand, however, exactly because
we do not use the LDA potential and LDA orbitals to calculate the hopping integrals, we also
cannot count on the successes of LDA in the description of average and long-range Coulomb
effects. The hopping integrals would not even include the long-range Hartree term. For these
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reasons ab-initio Wannier functions remain so far the basis of choice. They can be built via the
Nth-Order Muffin-Tin Orbital (NMTO) method [12], the maximal-localization scheme [13],
or projectors. Fig. 7 shows examples of NMTO-based Wannier functions. No matter what
construction procedure is used, a common characteristic of ab-initio Wannier functions is that
they are site-centered and localized.” A question naturally arises: How crucial is it to use lo-
calized functions as one-electron basis? This is an important point, since we have seen that
strong-correlation effects arise in systems in which the on-site Coulomb interaction is much
larger than longer-range terms. Let us consider therefore two opposite extreme limits. The
first is the case in which the basis functions are independent of the lattice position (i.e., they
are totally delocalized). For such a basis choice the Coulomb interaction parameters would
be the same for every pair of lattice sites, no matter how distant. Thus a Hubbard-like model
would be hard to justify. In the second extreme case, we adopt a hypothetical basis so localized
that Yime (7)) Vitmier (1) ~ d;.i 6(r—T;). Even for such a basis choice, the unscreened Coulomb
interaction is not local, but given by
Uiji’j// / 5%’71"53}1"
o ST

hence it decays slowly with distance, although the (divergent) on-site term dominates. More
generally, we can conclude that by increasing the localization of the basis we enhance the im-
portance of the on-site Coulomb repulsion with respect to long-range terms; this better justifies
Hubbard-like models—although we have to remember that most of the long-range part of the
Coulomb interaction is in any case subtracted via the double-counting correction Hpc. The
extreme case of the 0(r—T;) functions also illustrates, however, how far we can go. A major
problem with the extremely localized basis discussed above is that it would make it impossible
to properly describe bonding, since the hopping integrals would be zero. Although such a basis
is, of course, never used to build many-body models, there is a tempting approximation that
has similar flaws. If one uses DFT-based electronic-structure techniques that tile the space in
interstitial and non-overlapping atomic spheres (e.g., the LAPW method), it is tempting to use
as basis for correlated electrons the atomic functions defined inside the atomic spheres. These
functions are, by construction, much more localized than Wannier orbitals (even when no down-
folding is performed in the Wannier construction). However, they do not form a complete basis
set in the space of square-integrable functions. This is obvious because such a basis does not
even span the LDA bands; to reproduce the bands we need, in addition, functions defined in
the interstitial region. This is illustrated in Fig. 8 for a simple example of two quantum well
potentials.'® We therefore cannot use it to write the many-body Hamiltonian in the usual form
FIO +H v In conclusion, a basis which, as ab-initio Wannier functions, is complete and indeed
spans the bands, is better justified, although we somewhat lose in localization.

‘Differences in localizations between the various construction procedures are actually small for the purpose of
many-body calculations, provided that the same bands are spanned in the same way.

10 Another, but less severe, problem of atomic sphere truncations is that the results will depend on the sphere
size, in particular when atomic spheres are small.
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L N

Fig. 8: The problem of two quantum wells. The figure shows (schematically) for each well
the wavefunction of a bound state. If we consider only the part of the wavefunction inside its
own well (red in the figure), the differential overlap (and hence the hopping integral) between
functions centered on different wells would be zero.

3 Linear response functions

Linear response functions are key to understand many experimental results. In this section
we explain how to calculate them within the LDA+DMFT approach. First we introduce the
generalized susceptibility, which yields the linear response to a given external perturbation.
Next we present the method used to calculate it and discuss the approximations adopted. Last
we analyze in detail the case of the magnetic susceptibility for the one-band Hubbard model.

3.1 The generalized susceptibility
Let us start by introducing the site susceptibility in imaginary time. This is given by

Xpi o1, (T) = (TAB (11, 12) AOy (75, 70) ) (10)
where T = (71, 7o, T3, T4). The site operators are defined via the equations

5 (71, 7) Zpa Cior (T2)Ci0(T1), AP} L(T1,72) = Plf(TluTZ) (15‘(7177'2»

OV/<73, T4) = Z O,.Z;,/ C;[/ /<7'4) (7'3) AOAIZJ// (7'3, 7'4) = Oll,// (’7'3, 7_4)_(05, (7'3, T4)>.

~

The labels a = (o, '), v = (,7’) are collective flavors. For the multi-band Hubbard model
they may include spin (o) and orbital (/) quantum number, plus a fractional lattice vector
identifying a correlated basis atom in the unit cell (i.). The weight factors oY, and pi;', in general
complex numbers, identify the type of response. We can then rewrite Eq. (10) as

XPl Ol Zpa0~y Xiow,i 7 )
with

Xia,i/.),(’r) = <Tcia(T1>C7];La’ (TQ)Ci”y(T3>C7]lL"y’<T4>> — Gia,io/(Tla TQ)GZ'/%i/»},/ (Tg, T4). (11)
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k+q k'+q 1Gk+qvyar (iVn + iwm)
Vn+(1)m > vn/+a)m
o
Xo - XO
a
Vn . Vn’
k k

igk,ow/ (ZVn)

Fig. 9: Diagram contributing to the linear susceptibility for a non-interacting system. The red
lines indicates that the creator/annihilator is originally from the operator P, and the green lines
indicate that the creator/annihilator is from the operator O,. The corresponding frequencies
and momenta are explicitly assigned.

Performing the Fourier transform from imaginary time to Matsubara frequencies we obtain

1 .
Xia,i”y(’/) = E//// dr ew.TXia,i"y(T)a (12)

where v = (14, —1s, 13, —14). Due to the conservation of energy, only three of the four v;
frequencies are independent. Hence, for convenience we set vy = v,, Vo = U, + Wy, V3 =
Vp' + Wp,, and v4 = v,,. Next we perform the Fourier transform from site to momentum space.
Due to the conservation of lattice momentum, only three of the four k;-vectors are independent.
After redefining ki = k, ko = k+q, ks = k'+q and k, = K/, we find the expression

XP O ’ q7 Zp Z (T=T)- qua,i”y(V) :Zpyaol'jy/ % Z [X(q7 iwm)}kyna,k’un/’y .

i1/ oy k ik

J/

~
X(@swm)ly, e, ,~

In this expression, by summing over k and k' we obtained [x(q; w,,)] The physical

UnQ,V, 17"
linear response function is given by the sum over the fermionic Matsubara frequencies

Xp,0, (q;iwn,) Zpa 0y 52 Z [ q; W ] . (13)

Uno,V, 17y

In the case, e.g., of the magnetic susceptibility, the operators Pj and OAf,', are the three compo-
nents of the magnetization operator. In the single-orbital limit (¢« = o/ = o0 and v = v = o),
we thus have, e.g.,

z

0z = —guglolo:lo),  pi = —guglo'o:l0’).
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Vn+Wm Vn'+Wm
Vn Vn’
k+q k+q k+q
Vn+Wm a_’ Vn+Wm Vnpr@Wm —> Vn'+Wm
a
Xo + Xo T
a a
Vn Vn Vn Vn’
k k k

Fig. 10: Diagrammatic representation of the Bethe-Salpeter equation for the linear susceptibil-
ity. The red lines indicates a creator/annihilator stemming from the operator P, and the green
lines from the operator O,.. The box labeled with I is the vertex function, the one labeled with
X the full susceptibility, and x is the pair-bubble term.

3.2 DMEFT and Bethe-Salpeter equation

To calculate the generalized interacting linear response function introduced in the previous sec-
tion we can use, in principle, standard many-body perturbation techniques. Let us consider a
system described by the multi-band Hubbard model Hy + Hy, where Hy is the non-interacting
part. We can formally construct a perturbation series for xp | (g; iwy,) in the interaction Hy.

The zero-order contribution is the linear response function for I:IO. Thus, due to Wick’s theorem

1 . ) .
= | NG i) Gutn (i) ] (14)

k Kk ~ ~
|:XO(Q§iwm):|

[XO((E iwm)]

’
kvp o,k vy

The Feynman diagram corresponding to [xo(q; Wm)|kv,a,k'v,,~ 1S shown in Fig. 9. Once we
switch-on the interaction, many-body perturbation theory leads to the Bethe-Salpeter (BS) equa-
tion, pictorially shown in Fig. 10. The susceptibility can then be expressed as follows

1

1
) iwm = X0 E ) iwm + —

(q; iwm)F(m iwm)X(qQ iwm)

kvno,v, k'Y

For systems for which the dynamical mean-field is a good approximation, however, it is more
convenient to construct a diagrammatic series starting from the DMFT linear response function
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Green Function Susceptibility

k-dependent Dyson equation matrix q-dependent Bethe-Salpeter equation matrix

G(k;ivn) = Go(k;ivn) + Go(k; ivn) X(k; ivn)G(K; ivn)  § X(g5iwm) = X0(q; iwm) + Xo(q; iwm) (g5 iwm ) X(; iwm)

local self-energy approximation local vertex approximation
Y(k;ivy) = X(ivy) I(q;iwm) = I'(iwm)
local Dyson equation local Bethe-Salpeter equation
G(ivy) = Go(ivn) + Go(ivy,) X (iv,)G(ivy,) X (wm) = X0 (iwm) + Xo (twm ) I (iwm ) x (twn)

Fig. 11: Analogies between the calculation of the Green function G(k;iv,) in the local-self-
energy approximation (left) and the calculation of the response function x(q; iw,,) in the local
vertex approximation (right). Each term in the general Bethe-Salpeter equation can be viewed
as a square matrix of dimension Ny N,,N,, where Ny, is the number of k points, N,, the number
of fermionic Matsubara frequencies, N, the number of flavors.

rather than from the non-interacting term. If we do so, xo(q; wy,) is still given by Eq. (14), but
with G replaced by the DMFT Green function matrices. Hence

1
[xo(g; iwm”una,unﬂy = —ﬁénn/m ; G oy (k;ivn) Gy (k+q; iv,+iw,).

There is, however, a catch: the vertex I'(q;iw,,) is unknown. In the infinite dimension limit it
has been shown that the vertex can be replaced by a local quantity [4, 14]. Assuming that, in
the spirit of the dynamical mean-field approximation, for a real 3-dimensional system we can
do the same, we set

I'(q;iwn,) — I'(iwy,).

Thus, dropping for simplicity the flavor indices, after performing the k sums, the Bethe-Salpeter
equation becomes

X(@; iwm) = Xo(q; iwm) 4 X0(q; iwm) I (iwm) X (q; iwnm)-
By solving it we find, formally
X (g iwm) = Xo (g5 iwm) — I(iwn). (15)

To actually obtain x(q; iw,,) from this equation we need to calculate first the local vertex. The
latter can be obtained using a further approximation, i.e., assuming that (15) is also satisfied if
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Fq,=0 Fq,=m/2 Fq,=n Fq,=3m/2
> R} =) >
= =< =< =

2 X 2. X 2 X 2 X
<1 < < <
= = = =
or Mo Mo Mo M
X X X X

Fig. 12: VOMoO,: Static magnetic susceptibility x(q;0)/x4(0) in the q,, g, plane for repre-
sentative q, values, T ~ 380 K and U = 5 eV. The normalization x4(0) ~ 12 /kgT is the
atomic susceptibility in the large SU limit. Top panels: I' = 0. Bottom panels: I" # 0. Special
points: 11 = (27,0), X= (m,0) and M= (7, 7). Rearranged from Ref. [11].

we replace the g-dependent susceptibilities with their local counterparts, defined as

Xo(iwnm) = ZXO q; iwn),

ZWm :N ZX Qazwm

The first term is calculated directly from the DMFT Green function y(q; iw,,). The second
term, x(iw,,), is obtained via the quantum-impurity solver in the final iteration of the DMFT
self-consistency loop. By inverting the local BS equation we have

I (iwn) = Xg ' (iwm) — X (iwn). (16)

Replacing I'(iw,,) into Eq. (15) yields the g-dependent susceptibility. It has to be noticed that,
although the two equations (15) and (16) look innocent, solving them numerically is a deli-
cate task because the local susceptibility is in general not diagonal in n, n’ and does not decay
very fast with the frequencies. There are, however, various ways to reduce the computational
costs, e.g., via extrapolations [11] or using compact representations based on auxiliary polyno-
mials [15,16]. The method just illustrated for the calculation of linear response functions in the
local vertex approximation bears resemblance with the approach adopted for the calculation of
the Green functions in the local self-energy approximation. These analogies are schematically
pointed out in Fig. 11. Instead, in Fig. 12 we show as an example the case of the static magnetic
susceptibility for a one-band system, the S = 1/2 frustrated Mott insulator VOMoOy,. The fig-
ure shows both the “bubble” term x((q; iw,,) (top panels) and the full susceptibility x(q; iwy,)
(bottom panels). The two differ sizably in absolute value. In addition, as we will discuss later,
the xo(q; iw,,) term alone is very weakly dependent on the temperature. The expected Curie-
Weiss-like behavior is only recovered when I"(iw,,) is taken into account.
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3.3 The local susceptibility: Legendre representation

The core of the approach described in the previous section is the calculation of the local sus-
ceptibility tensor, Xay (7). In DMFT all local observables (O) are obtained via the quantum-
impurity solver, for example the continuous-time hybridization expansion QMC technique pre-
sented in Section 2.3. Susceptibilities, however, require sizably longer computational time than
Green-function matrices. Thus, instead of calculating directly x4 (T), it is convenient to express
the tensor elements in a basis of orthogonal functions f;”(7), chosen such that the representation
is as compact as possible. A successful choice [15,16] is

fir(r) = e iomtn) { Valtlp(a(r)),  7>0
| —(=1)"V2AFT (e (7+H)), T <0

where p;(z(7)) is a Legendre polynomial of degree I, with z(7) = 27/ — 1; here the factor
(—1)™ in the second row ensures anti-periodicity for all values of m, which is the index for
the bosonic Matsubara frequency w,,. Via the orthogonality properties of the polynomials we
obtain

Xary (1Wm) 52 Zfl (0%) ng(zwm) 17m(07). (17)
w

The expansion coefficients in Eq. (17) take the form

Xf,f; (iwm) / d7'23/ dT12/ dT34 6_“‘)"L723fm(7'12)>(W (714, Toa, 734, 0) i (730),  (18)

where 7;; = 7,—7;, with 714 = T12+723+734, and To4 = To3+734. The phase defining the gauge
is ¢, (7) = wy,7/2 and does not depend on [. As we have seen, in quantum Monte Carlo the
observables are obtained as the average over the visited configurations c. Splitting (18) into two
terms [16] we have

(Xay (0m)), = (Cagy (0m)) = Bom0(Gia) Gy,
The first term can be expressed as

Np kpka Fykar

IRA db,d'b’
<C Zwm c /3 Z Z Z T ( Tdj —Thi itk (Td’ Tb”> Ci it (Zwm>5a’(adjv5<bi)5’7’(o‘d’j'vab’i’)

bv'dd' 1,5 il 5’
where
db,d'b’ - db d’b/ d'b. dy “iwom (Tpi—T /'/)
Cji7j/i/ (Z m) (w ’LU i3 j,i wji' ) e n a'j)

Here the imaginary times 7,; and 7; all vary in the interval [0 (). The letters b and d label the
Np flavors decoupled by symmetry, e.g., {1, ]}. Finally, w% = 0, d./\/lb > Where the matrix
Mk = [Fq k”] is the inverse of the hybridization function matrlx fob for expansion order k.
The Green functions in the second term are instead given by

Np ky

<Gl = ZZfl Toj— sz w 5 o, (a0 *
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3.4 Magnetic susceptibility for the single-band Hubbard model

The magnetic susceptibility is the linear response to an external magnetic field. The associated
site susceptibility is

Xzz <7-MZ M; <O)>0 N <MZZ>O<M; >0’
where M L= —gu BS’; is the magnetization for lattice site . Its Fourier transform is

Xzz quwm Zezq (T T/)/dT ezwm‘erZ;( )

~

= (M.(q; wm) M.(—q; 0)), — (M.(q)),(M.(—q)), (19)

where w,, is a bosonic Matsubara frequency. For the one-band Hubbard model, the magnetiza-
tion operator can be expressed in the basis of Bloch functions as

Mz(q) = gﬂB Z Z Uck+qacka7 (20)

where o = 1 for spin up and o = —1 for spin down. To obtain the magnetic response function
we thus have to calculate the imaginary-time tensor with elements

[X(q; T)] kok/c! <Tcka<7—1)c;rc+qa (7—2>Ck’+q0’<7—3)c;r€’0' (7—4)>0 @D

- <TCkU(Tl)CL+qU(Tz)>o(Tck/+qa/ (73)CLUf(T4)>O-

The associated imaginary-time magnetic susceptibility is then given by

1
Xex (45 7) = (9pp)*7 ) 00’ ——Z Moo (22)
oo’ k’ kk’

v~

XO'G'GJO'/(q7 )

After we Fourier transform with respect to imaginary time and sum over the fermionic Matsub-
ara frequencies, we have

Xo= (s i) = (gpp)? Z 00" > X (@ i), (23)

nn'

n,n’ . 1 ivr
XUZ,(,/U/(QM(,um) = E //// dT e Xo‘o‘U’o"(q;T)' (24)

For w,, = 0 we obtain the static magnetic susceptibility.

where



LDA+DMFT: Linear Response Functions 8.33

3.4.1 Non-interacting limit

In the non-interacting limit we can use Wick’s theorem to simplify Eq. (21). It follows that the
elements of the two-particle Green function tensor vanish if k # k’. In the paramagnetic case,
Eq. (22) then becomes

111
Xzz(Q§ ) gMB ZBFZZQ}«; T14 gk+qa( 7'23)

For the frequency-dependent magnetic susceptibility Eq. (23) we have instead

X2 (G5 iwpm) = (9pp) Z@ DD X (g iwn),

nn’ o

where
1
Z Xaoao q; Zwm = _BN_k Zk: Za: gk:o@”n) gk+QU(iVn+iwm) 5n,n’- (25)
The actual dynamical susceptibility is then given by

. 2 11 Ng €k+q - na(gk)
zz Wm ) = FEYE .
X==(G; iwm) = — (9i5) ZZ e e T

Inthe ¢ — 0 and 7" — 0 limit, setting w,, = 0 we recover the static Pauli susceptibility

1
1 (9#3)2 p(er),
dng 5k
Z Nk Z d&k

Figure 13 shows (at half filling) the non-interacting spin susceptibility in the z-y plane for a

T=0

d-dimensional hypercubic lattice with dispersion

d
€ = —2t Z cos kg.
n=1

Ind = 1and for T'— 0, x..(q; 0) diverges at the antiferromagnetic vector gc = (7/a,0,0); in
two dimensions this happens at go=(7/a, 7/a,0); in three dimensions at gc=(7/a, 7/a, 7 /a),
not shown in the figure. These are perfect nesting vectors, for which

5k:+qc = —¢k,

so that

Xo(gc; 0) 1/EF deﬁ.

4 J_o €

Under these conditions an arbitrarily small U can cause a magnetic transition with magnetic
vector q¢, e.g., via a Stoner-like mechanism.
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%0(d;0)

X X X

Fig. 13: The ratio x0(q;0)/x0(0;0) in the x-y plane for a hypercubic lattice with t = 0.4 eV
(T ~ 230 K) at half filling. From left to right: one, two, and three dimensions.

3.4.2 Atomic limit

Let us now consider the opposite extreme, the atomic limit. First we adopt a simple approach,
i.e., we directly calculate the right-hand side of Eq. (19) by summing up the contributions of the
atomic states, |0), CHO), CUO), c$ci|0); since all atoms are decoupled, only on-site terms i = 4’
contribute. At half filling we thus have

1 eBU/Q
0w 0-
AkpT 1 + eBU/2 5™

X=2(q3 iwm) = (gup)? (26)

The same expression can be obtained following the general procedure outlined in the previous
pages, i.e., starting from the two-particle Green function tensor X0 o (q; 7), defined in Eq. (22)
for the single-band Hubbard model. In the atomic limit, it is convenient to work in real space,

since
1
XUJU’U’(q; T) = E Z Xiaa,ia’a’(T)-

Thanks to the symmetries of the tensor in imaginary time, it is sufficient to calculate X4 oo’ (T)
for positive times 0 < 7,4 < 3, where 7,4 = 7;—74 with j = 1,2, 3. Due to the time ordering
operator we have, however, to consider separately six different imaginary-time sectors. In the
Appendix one can find a list of all these sectors and their contributions. For simplicity, we
discuss here explicitly only the case 714 > 754 > 734 > 0 and label the corresponding 7-vector
as 7. Calculating the trace we obtain

€T12U/2+T34U/2 + 50_0_/6(ﬁ7T12)U/27T34U/2
2(1 + 5072

— GYy(T12) GI4(T34).

Xico,io'o! <T+) -
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In the paramagnetic case the mean-field terms G¢,(712) G7;(734) cancel out in the actual mag-
netic linear response function, so here we do not give their form explicitly. For a single atom,

the contribution of the 7 sector to the imaginary-time magnetic susceptibility is

2
+) — 2__ 'n . +) — (g’uB) 1 (B—T12—734)U/2
XZZ(T ) - (g:uB> Z, oo Xzoa,za"a’(T ) - 4/8 (1 T eﬁU/Q)e .

Summing up the contributions of all imaginary-time sectors and performing the Fourier trans-
form we obtain XZZ;L;/U/ (iwy,), defined in Eq. (24). For U # 0 this tensor is non-diagonal in the
fermionic Matsubara frequencies. For w,, = 0 we have [11]

/ dM, dM, dM,
"X gl =M, o M, = — (5n n’ 6n —n/ o —y) My, M,y
3 0 i (0) =M+ M 5n0) B 80| T+ ()
1
where
1 1
M, = - (28)

Wy —y ity

We can now calculate the magnetic susceptibility via Eq. (23), recovering the expected result,
Eq. (26). The resulting atomic magnetic susceptibility is thus proportional to 1/k5T), i.e., has
a Curie-like behavior; furthermore it is zero at finite frequency. The temperature dependence
can be remarkably different from the U = 0 limit. Indeed, if the density of states is flat around
the Fermi level, as it is often the case in three-dimensional lattices, the non-interacting Pauli
susceptibility .. (0;0) is weakly temperature dependent. A strong temperature dependence
can be found, however, if, e.g., a logarithmic van-Hove singularity is at the Fermi level, as in
the example discussed in the previous subsection for the square lattice at half filling.

3.4.3 DMFT: xo(q; w) and the Bethe-Salpeter equation

In order to calculate the magnetic susceptibility with DMFT, we first need x((q;w). Here for
simplicity we consider only the two-dimensional case with ¢, = —2t(cos k, + cosk,). In the
atomic limit we can rewrite the local Green function as

1
Wy + 1 — g — X7 (ivy,)’

Gfl(wn) =

where the local self-energy is given by

U U? 1
=+t . U
2 4 v, +p—eq — 5

X7 (i) = (29)
and p = g4 + % at half filling. In the Mott insulating regime, i.e., for small but finite ¢ /U, we
can assume that the local self-energy has the same form (29), with U? /4 replaced by a quantity
which plays the role of a dimensionless order parameter [17] for the insulating phase

“+oo
L4 :/ de & (30)

Ty U2 oo g2
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Fig. 14: Graphical solution of the equation w — ¢, = X7 (w) yielding the poles F; and E;; of
the Green function defined in Eq. (31).

Here p(e) is the density of states per spin. The integral in Eq. (30) diverges in the metallic
phase. The Green function can then be rewritten as
1 1 [ E;f E,

= — 31
iy — X0 (ivy,) —ex Ef—FE, liva — Ef v, — B Gh

Goo(ksivy,) =

where E; and E,, are the two roots of the equation w — X7 (w) — e = 0,

1 1 7
E::§€k:|:§ €i+7“UU2.

By performing the Matsubara sums, one finds

1 1
X(z)z<qa O) = (g:U“B)2Z ; E ; ngaa(o)

11 _ _ _
= (9ns)"5 77 > [\—I,;ﬁj — L T + Ik,;t,]

Ak,q Br,q

where, setting « = + and v = =+,

7 — Eg E;cy—i—q Tl(Eg) - n<EIZ+q)
k.q

(E,j - E,;) (El—c:q - El;+q> By — E,Z+q

In the g — O limit

+)2 —)2
Ao =5 | B (51— () + 5 B0 (1 - ()|
Bro = ryU EE (n(E,;) — n(E,j)) )

2(8 i +ry U2
In the large BU limit, the Ay term, proportional to the density of states at the Fermi level,
vanishes exponentially; the By, o term yields the dominant contribution. Hence

11 r U2 1 31 g2
Xea(030) ~ (gms)" 3 3 — (g U2 re) 7 |1 2w — 7y 2
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The right-hand side is equal to the atomic term xY_(0) minus a correction of order t*/U3. As
we can see, X°_(0;0) is small and weakly dependent on the temperature. In the Mott-insulating
regime, due to the superexchange interaction, the two-dimensional Hubbard model exhibits
an antiferromagnetic instability at go = (7 /a,m/a,0). Let us then calculate % (gc;0) and

compare it with x2,(0; 0). Since, as we have seen, x4, = —k, We find

A — 1y U?  n(Ef—ek) —n(E})

9 262 4y U2 £
1 e n(Ef—ex) —n(ES) 1 1
B S k k k) = E+ o E-
BaC T 282 4y U? €k 2\/ep +ryU? (n(E) = n(E))
and therefore
1 11 g2
0) ~ (gun)? (1 Ll s )
XO(qC ) (g,LLB) 4\/EU 2 Nk - TUU2

Thus xo(q;0) is indeed larger at ¢ = g¢ than at ¢ = 0; it is however weakly temperature
dependent and does not exhibit Curie-Weiss instabilities. The calculation presented above can
be generalized to any q vector [11], obtaining the expression
1 1 Jo 1 J
;0) ~ e -7 ).
Xo(q:0) ~ (918)" 1o ( 2 JroU 4‘/—7~UU>

where J, = J ( COS ¢y + COS qy), and the super-exchange coupling is J = 4t*/U. To make

(32)

progress we now need the local vertex. This requires, as we have seen, the solution of the self-
consistent quantum-impurity model via the quantum-impurity solver. Here, for the purpose of
illustrating how the approach works, we approximate the local susceptibility with the atomic
susceptibility in the large SU limit. Furthermore we work with the susceptibilities obtained
after the Matsubara sums have been performed. Thus

1 1
0 2
0) ~ 22(0) ~ .
Xzz( ) (gMB) 4 T'UU7 X ( ) 4]€BT
The local vertex is then approximately given by

1 1 1
X2(0)  xz=(0)  (gus)?
The last step consists in solving the Bethe-Salpeter equation

Yer(q:0) = 1 s 1 _ (gus)® 1
FEVT OG0T =T 4 kT + Jg /A Ak T-T,

This shows that including the local vertex correction we recover the Curie-Weiss behavior, as

r {4\/EU (1 41 ) - 4I<;BT] .

2. /roU

expected for a system described by local spins coupled by a Heisenberg-like exchange; we
also correctly find the antiferromagnetic instability, since g¢ is the vector for which the critical
temperature 7y, is the largest. In conclusion, we have seen that I"(iw,,) is essential to properly
describe the magnetic response function of strongly-correlated systems. This can be seen in
Fig. 12 for the Mott insulator VOMoO,. In the figure we can compare the very weak linear
magnetic response xo(q;0) (upper panels) with the LDA+DMFT result x(g; 0) (lower panels).
The latter is not only strongly enhanced with respect to x((g; 0), but also exhibits the expected
Curie-Weiss like behavior, as can be seen in Fig. 15 for g = 0.
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Fig. 15: VOMoO,: The Curie-Weiss behavior of the uniform magnetic susceptibility at half
filling, obtained with the LDA+DMFT approach. Rearranged from Ref. [11].

4 Conclusion

The LDA+DMFT approach and its extension has proved very successful for describing corre-
lated materials. It has shown us that materials details do matter, contrarily to what often was
assumed in the past; for example a crystal field much smaller than the bandwidth can favor the
Mott metal-insulator transition [18]. The method is becoming progressively more and more
versatile. It is now possible, e.g., to study multi-orbital Hubbard-like models including the
full Coulomb vertex and the spin-orbit interaction. Successful extension schemes, e.g., clus-
ter methods, account, at least in part, for the g-dependence of the self-energy. In this lecture,
we have seen how to use the LDA+DMFT approach to calculate not only Green and spectral
functions but also linear-response functions. In the scheme presented, the local susceptibil-
ity is obtained via the quantum-impurity solver at the end of the self-consistency loop; the
g-dependent susceptibility is, instead, calculated solving in addition the Bethe-Salpeter equa-
tion in the local-vertex approximation. As representative case we have studied the magnetic
susceptibility of the one-band Hubbard model at half filling. The extension of the LDA+DMFT
approach to the calculation of generalized susceptibilities makes it possible to put the method
and the approximations adopted to more stringent tests. This is key for further advancing the
theoretical tools for the description of strong correlation effects in real materials.
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Appendix

A Eigenstates of two-site models

A.1 Hubbard dimer

The Hamiltonian of the Hubbard dimer is given by

f{ = &4 Z Z ﬁw — tz (CIJCQU + cgo_clo_> +U Z ﬁiTﬁii-

o =12 o i=1,2

It commutes with the number of electron operator N , with the total spin S and with 5'2. Thus
we can express the many-body states in the atomic limit as

IN, S, 8.) N S E(N,S)
0,0,0) = 10) 0 0 0
‘1,1/2,0'>1 = CIO”O> 1 1/2 €d
11,1/2,0)y = ch10) 1 1/2 €4
2,1,1) = chrcl|0) 2 1 264
2,1, 1) = ch, el 10) 2 1 264
12,1,0) = \/Lé <CIT05¢ + CLC;T> 0) 2 1 2e4
2,000 = 25 (cliel, — ey ) 10) 2 0 2
2,0,0); = chict,|0) 2 0 24+ U
2,0,0)y = chich,|0) 2 0 24+ U
13,1/2,0); = clychich |0) 3 1/2 3eq+U
13,1/2,0)y = choclict,|0) 3 1/2 34+ U
4,0,0) = anaenani) 4 0 deq +2U

Let us order the N = 1 states as in the table above, first the spin up and then spin down block.
For finite ¢ the Hamiltonian matrix for N = 1 electrons takes then the form

Ed —t 0 0
R —t Ed 0 0
H1 —

0 0 Ed —t

0 0 —t &d
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This matrix can be easily diagonalized and yields the bonding (—) and antibonding (+) states

11,5,5.)a E.(1,S)  d.(1,5)
11,1/2,0), = 55(11,1/2,0)1 —[1,1/2,0),) cqa+t 2
11,1/2,0)- = 5(I11,1/2,0)1 + [1,1/2,0),) gq— 1 2

where d, () is the spin degeneracy of the o manifold.
For N = 2 electrons (half filling), the hopping integrals only couple the three S = 0 states, and
therefore the Hamiltonian matrix is given by

2, 0 0 0 0 0
0 24 0 0 0 0
A 0 0 2, 0 0 0
H, =
0 0 0 24 —V2 =2
0 0 0 —V2 244U 0
0 0 0 —V2 0 24+ U

The eigenvalues and the corresponding eigenvectors are
12,5,5.)a E.(2,9) do(2,5)
12,0,0)4+ = a1]2,0,0)0 — %4 (]2,0,0)1 + [2,0,0)2) 2¢a+ 5 (U + A(t,U)) 1

2,0,0), = 2,0,0)1 — [2,0,0),) 24+ U 1

1
7 (
12,1,m), = |2,1,m) 2¢e4 3

12,0,0)— = a[2,0,0)0 + 5(/2,0,0)1 + [2,0,0)2) 2eq+ 5 (U — A(t,U)) 1

where
A(t,U) =VU? + 16¢2,

and
1 AU)-U 5 4t 2
e t =
Alt,U) 2 @ =utU) = Ao — o)

ai = ai(t,U) =

so that ajay = 2t/A(t,U). For U = 0 we have a; = ay = 1/v/2, and the two states |2, 0,0)_
and |2, 0, 0), become, respectively, the state with two electrons in the bonding orbital and the
state with two electrons in the antibonding orbital; they have energy F.(2,0) = 2¢,4 £ 2t; the
remaining states have energy 2¢, and are non-bonding. For ¢ > 0, the ground state is unique
and it is always the singlet |2,0,0)_; in the large U limit its energy is

E_(2,0) ~ 24 — 4t*/U.
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In this limit the energy difference between the first excited state, a triplet state, and the singlet
ground state is thus equal to the Heisenberg antiferromagnetic coupling

E,(2,1) — E_(2,0) ~ 4t*/U = T.
Finally, for N = 3 electrons, eigenstates and eigenvectors are

13,5, 5.)a E,(3) d.(3,9)
13,1/2,0), = 11,1/2,0)1 +|1,1/2,0)2) 3ea+ U+t 2

1
7 (
3,1/2,0)- = 55(11,1/2,0)1 — [1,1/2,0),) 3ea+U—t 2

If we exchange holes and electrons, the N = 3 case is identical to the N = 1 electron case.
This is due to the particle-hole symmetry of the model.

A.2 Anderson molecule

The Hamiltonian of the Anderson molecule is given by
H=¢c,Y fog—tY (clyesy +chyery) 84D g+ Uiy,

In the atomic limit, its eigenstates states can be classified as

IN, S, S.) N S E(N,S)
0,0,0) = 0) 0 0 0
1,1/2,0); = cl,10) 1 1/2 e
11,1/2,0)y = cb.10) 1 1/2 €s
12,1,1) = C2T01T|0> 2 1 Eq+ €5
12,1,-1) = C2¢CI¢|0> 2 1 €4+ Es
12,1,0) = \/ié <cch2¢ + CI¢C2T) |0) 2 1 €4+ €s
20,000 = L (chc;L o ic2T> 10) 2 0 €4+ &
2,0,0); = ClT01¢|0> 2 0 200+ U
12,0,0), = C2TC2¢|O> 2 0 2¢e5
3,1/2,0); = clychich |0) 3 1/2 4+ 2e,
13,1/2,0), = chpclict |0) 3 1/2 Qg +es+U

4,0,0) = clic chich [0) 4 0 24+ 26, +U
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For N = 1 electrons the Hamiltonian can be written in the matrix form

eq —t 0 0
H = _ot Es gd —Ot
0 0 —t &
The eigenstates are thus
11,5,5.)a E.(1,S) d.(1,9)

11,1/2,0) 1 = ai1]1,1/2,0)1 — as|1,1/2,0)9 eqtes+/(ea—es)?+48%) 2

2
11,1/2,0)- = an|1,1/2,001 + o1[1,1/2,0)s  L(ca+es—/(ca—es)? +482) 2

where d, () is the spin degeneracy of the o manifold. For ¢, = ¢4 + U/2 the eigenvalues are
1
Ei(l, S) = €4+ ZL<U + A(t, U)),

while the coefficients are a; = a4 (¢,U) and as = as(t,U).
For N=2 electrons, the hopping integrals only couple the S=0 states. The Hamiltonian is

€qtes 0 0 0 0 0

0 €atEs 0 0 0 0

]3[2: 0 0 €q+e€s 0 0 0
0 0 0  eqtes —V2t —V2t

0 0 0 =2t 244U 0

0 0 0 =2t 0 2,

For ¢4 = ¢4 + U/2 the eigenvalues and the corresponding eigenvectors are

12,5, 82)a Ea(2,5) da(2, S)
12,0,0) 4 =01]2,0,0)0 — 2(|2,0,001 +[2,0,0)2)  2ca+ § +5(U+24(,5) 1
12,0,0)0 = 5(12.0,0)1 — [2,0,0)2) 2¢ea+U 1
2,1, m),=12,1,m) 2ea+ 4 3

12,0,0)- =02(2,0,0)0 + 25 (|2,0,0)1 +12,0,0)2)  2e4+ § + (U - 24, 5)) 1

where by = ay(t,U/2) and by = ay(t,U/2). These states have the same form as in the case
of the Hubbard dimer; the ground state energy and the weight of doubly occupied states in
12,0, 0)_ differ, however. Finally, for V = 3 electrons, the eigenstates are

13,5, 5.)a E.(3,9) du(3,5)
13,1/2,0)4 = ao|1,1/2,0)1 + au[1,1/2,0)s  3eqa+ U+ 2(U+ At U)) 2

3,1/2,0)_ = au[1,1/2,0)1 — aa|1,1/2,0)s  3e4+ U+ (U — A(t,U)) 2




LDA+DMFT: Linear Response Functions 8.43

B Lehmann representation of the local Green function

For a single-orbital model, the local Matsubara Green function for a given site ¢ is defined as

Gmm»:—ldmwwn<>gm»

where 7 is the time-ordering operator, 3 = 1/kgT, and v,, a fermionic Matsubara frequency.
Let us assume we know all eigenstates |N;) and their energy F;(NN), for arbitrary number of
electrons N. Thus, formally

G7i(ivn) = Z/ dre™ e AEI(N)5<NZ|C (0)‘Nz>,

where Z = Y, e AEINA g the partition function, AE;(N) = E;(N) — uN with u the
chemical potential, and cZTJ(O) = c . We now insert a complete set of states, obtaining

B
G‘Z,L»(il/n):—l Z / drenT e~ ABIN 6<Nl‘c |Nl’><Nl’ ‘Nl>
WwNnN' 70
:_l Z /5dTe_AEl(N)Be(wn-i-AEl(N) AE;(N")) |<NZ/|CZJ’N1>|
WwNnN' 70

e ABy (NS | o~ AB(N)B

Z Z zl/n—i—AEl(N)—AEl/(N’)

NN’

[(Np el N |

Due to the weight [(N/, e (0)| V) |2 only the terms for which N’ = N +1 contribute. Thus, after
exchanging the labels I’N’ <> [N in the first addend, we obtain the Lehmann representation

eﬂMMW>< (N =Dl N[ [(N+1)o |l [N )

GO (iv,)=
falivn) 7 T AB(N)LAE(N=1) ity — AE(N+1)+AE(N)
Let us consider as example the atomic limit of the Hubbard model at half filling. In this case
all sites are decoupled; there are four eigenstates per site, the vacuum |0), with AE(0) = 0, the
doublet [1,) = c/,[0), with AE,(1) = —U/2, and the doubly-occupied singlet [2) = c[,cf;[0),
with AE(2) = 0. Furthermore, Z = 2(1 + ¢°Y/2) and
1 if [N)=2) v [1,) 1t [N)=[0) V [1-)
0 otherwise

(9=l I = [EERART

0 otherwise

Thus, after summing up the four non-zero contributions, we find

1 1 1
G (1) = — _
i) = 5 (m U2 o, U/Z)
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C Atomic magnetic susceptibility

Let us consider an idealized single-level atom described by the Hamiltonian

A~

H= 5d(ﬁ¢ + m) + Unyny.
The eigenstates of this system, [¥}), as well as their expectation values at half filling are

AE; = (WN|H — puN|wN)

oS O

The magnetic susceptibility in Matsubara space is given by
: 1 :
[Xzz(lwm)] = B7(9ns)’ zp: sign(P) fp

B T14 T24
friwp,,iwp,, iwp,) = / d7'14/ d724/ dr3y eWPITIATIPTRATIOPSTA f1o (1 Ty, Tag)
0 0 0
where P = A, B, ... are the six possible permutations of the indices (123) and

1 B —r iy [ A N «
fP<7'14;7'2477'34> = E Zaa’Tr e BH=pN) [OP1 (7'14)0P2 (724)0133(7'34)01./]

oo’

1 CBAE: et L\ n . .

=5 > o0’y e P26, |5)(jlop, k) (klop, 1) (1]c] |i)
oo’ ijkl

% [eAEijlel+AEjk7'24+AEle34]

Y

where AL;; = AE; — AE;. For the identity permutation the operators are 6p, = ¢, Op, = CI,,
and op, = ¢, and the frequencies are w; = v, Wy = —Wy, — Vy, W3 = Wy, + V. This expression
can be used to calculate the magnetic susceptibility of any one-band system whose eigenvalues
and eigenvectors are known, e.g., via exact diagonalization. In the case of our idealized atom

1

1
fE<7—147 To4, T34) = m

eBU/Q 67(712+T34)U/2 — m gE(7'14, 7'2477—34)'

The frequencies and functions fp(7i4, To4, T34) for all permutations are given in the table below

wpy Wp, Wpy ap (7'14, To4, 7'34) Sign(P)
E(123) V) —Wm =V, Wy Uy U2 e (matmaU/2 I
A(231) | —wm — v, WtV v, ePU2 gm(matmaU/2 +
B(312) | wp, + v v, —Wm— U, e H(ma+730)U/2 +
C(213) | —wm — 1, v, Win + Uy —eBU/2p—(T124734)U/2 .
D<132) v, Wi + Uy —Wy — 1, et (Ti2+734)U/2 _
F(321) Wi, + Vpr —Wpy, — V), v, €+(T12+T34)U/2 .
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The missing ingredient is the integral

Ip(x, =, T5iwp, , iwp,, Iwp,) / dTi4 / dTo4 / A3y €0P TR TATROR Tos o (T T)

TI4—T
_+/ d7'14/ d’l'/ dT, e(zwp1+zwp2+sz3+x)Tl4 z(wp2+wp3)7'e—(zwp3+x)7'

1
- zwp3 +x —iwp, + prl +z n(z) + Béwpﬁwp?}
1 1= dup,+wp, 1 1 1
iwp, + z i(wp, + wp,) |:in1 +z  i(wp, +wp, +wp,) + ] n(x)

Oy, @'wp31+ x { {(mp11+ x)] | n(lx) 7 hiw;* ”“")} (ng) } |

where x = +U/2, depending on the permutation. Summing up all terms we obtain the final
expression for w,,, = 0. Setting y = U/2 we have in total [11]

2 oo’ XZ;Z:M,U/(O) =M, djl\jn + M, d% — Bn(y) l nn' T 5n,—n} djl\j (—y) M, M,y
—i{Mnf -0 [n(y)%—nf - n(—y)&zm/] }Mn (33)

where
M, = - L — - L . (34)

Wn—Y Wnty

The finite frequency term (not given here) vanishes once we sum over n, n'.
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