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Crystal: a system of many electrons and nuclei

An explanation should be as simple as
possible but not simpler (A. Einstein)

Adiabatic approximation (Born and Oppenheimer)
m<<M
Electrons are separated from nuclei (or ionic cores)

Phonons (Born and von Karman, Debye, Peierls)
Atomic subsystem is replaced by almost ideal Bose-
gas of phonons

Electrons: Band theory (Bloch, Peierls, A. Wilson)
Supposed to be noninteracting Fermi particles

It cannot be justified easily... but it works
(semiconductors, “Fermiology”,....) Why???

Fermi liquid theory: one-to-one correspondence
between bare particles and quasiparticles (Landau)
Microscopic justification (Migdal and Galitskii,
Luttinger and Ward...)

Normally all the many-body effects are just some
(smooth) renormalizations of the parameters — except
high-frequency properties (plasmons etc.)

“A standard model” of crystals: ideal gas of phonons
+ Landau Fermi-liquid of electrons



How to calculate excitation spectra of
strongly correlated systems?

(Magnetism, superconductivity, charge ordering,
Mott insulators, Kondo effect....) |

Excitations:

1. Dynamical quasiparticles (from the poles of Green
function)

2. Statistical quasiparticles (Landau theory of normal
Fermi-liquid)

3. Kohn-Sham quasiparticles (DF theory)

Only last way is convenient for ab initio
calculations! But: they are only auxilary
guantities to find the total energy!

1. Time-dependent DF: calculation of dynamical
responce functions -

2. GF-functional: to find Green function G(k, E)

based on “traditional’ many-particle theory
(Gell-Mann - Bruckner - Migdal — Galitskii — Beliaev...)

and new development (DMFT, QMC...)

A(k, E)= - (1/r) Im G(k, E)
Photoemission experiments



Atomic physics (LDA+U) Bands effects (LDA)




Time-dependent DF: formally exact approach
In reality: LDA as a starting point + RPA-like
approximations

LDA++ : on-site interactions and local correlations:

> is only energy dependent |
Advantages: exact solution of local many-body
problem (QMC, ED) |

LSDF LDA++
Density functional Baym-Kadanoff functional
Density p Green function G
Potential vy, Self-energy 2(£,;

Q= - Quc Q= Q- Quc

2, = 281 Q= ——Trln[— g

A<Ap
gdc =J‘drvxcp_Exc Qdc =TrZG_(D
( @ is the Luttinger-Ward GF)

Matsubara frequencies:
Temperature in real temperature for collective
Fermi functions degrees of freedom



» Tetrahedron BZ-integration and __u,q 3- O—u A>=.m!5<.

g.- emcé scheme for real system ( xm.m:a_mgm_._n:.o:m.esv

» Magnetic interactions in DMFT (Katsnelson&Lichtenstein)
*Long-range Coulomb interactions (Chitra-Sun-Kotliar)

 Short-range Spin-Orbital-Charge fluctuations: DCA , O_zmﬂm_..cz__u._.,
~ (Jarrell, Katsnelson&Lichtenstein, Kotliar et. al.) e

%@@ density and Etot in LDA+DMFT (Savrasov-Kotliar)
ital QMC schemes (Katsnelson&Lichtenstein)

_O_u-s_u._.

Eop =2 acrp €2

E4 = Eg + [ pVecdr
Temperature:

in the Fermi function

m‘Uﬁ

LSDA LDA++

Density functional Baym-Kadanoff functional
Density p(r) Green-Function G(r,1/, E)
Potential V.(r) Self-energy X;(E)
.m.we«".m.uuvlm.&n b".—.wsﬁl..b&n

.
R4p = -Trn[-G"] .

e =Tr2G - %Eﬂ

Matsubara frequencies: real-T

for collective excitations
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Van Hove theorem

quantum mechanics + translational invariance + topology

E(k)=E(k+g)
any kind of elementary excitations in crystals
(phonons, electrons, magnons, etc.)

NiE)= £ 018 - Rk

Density of states:
In 2D and 3D cases there are saddle points where the topology
of energy surfaces are changed N(F) is singular in these points




Van Hove singularities in quasi-2D strongly correlated
systems and the problem of High-T, superconductivity

ARPES experiments:

Cuprates: (T. Yoshida et. al. PRB-1001)
La,. Sr,CuOy4

Ruthenates: (A. Damascelli et. al. PRL-2000)

Sr,RuOy




The Fermi surface of high-T.
- compounds

From ARPES data:
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Tight-binding (¢t-t' Hubbard) model:

VH points

’

B = 2£(s1n . tpkxz —cos? @k, 2)
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VH singularities problem:

= The competition between
antiferromagnetism, superconductivity and
' ferromagnetism

-

Susceptibility y(q) .Cooper response [1(q)

L ® eimltiml Ferromagnetic response

q4 q-
A

L,= C = N ecnﬁ:{h-"}-,h.{‘_} Antiferromagnetic response
""" il g4+ 4.
A
A, A bd
| o In—in— ero-momentum Cooper
Ls" £ g+ 4- response
A
L= N

5 o B *nﬁ!{hi,hﬁ} n-Cooper response
& L

gy =sin gk, t cospk,



The phase diagram
at vH band fillings

The two-patch equations The parquet equations
6 —— . T . 6
5 .o
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' The phase diagrams from the parquet and the two-patch equations
are similar.

* The system is ferromagnetic at t'/t~1/2, cf. Refs.

M. Fleck, A. Oles and L. Hedin, Phys. Rev. B 56, 3159 (1997)
(T - matrix approach)

R.Hlubina, S.Sorella and F.Guinea, Phys. Rev. Lett. 78, 1343 (1997)
(projected QMC)

The interplay of different channels of electron scattering is important to

" obtain correct phase diagram.
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Parquet equations: the results

t'/4=0.15
U=3951¢

1
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Local-force theorem

Variation of thermodynamic potential

oS = J*Qgp + 6193p = JQdc

Luttinger theorem

JIQQP = 5Qdc = TrGéxL

Local force - variations:

69 = §*Qep = —6*TrIn [T — G|

Spin-matrix structure
Z,: — ):f + Efa




Effective spin Hamiltonian
Spin excitations

5e£ = dp; X €;

Magnetic torque:
V; =2Tr, [E] x G

Exchange interactions

Qapin = — ) _ Jijeie;
ij

Jij = =Tryr, (E{GLESGY)

Spin wave spectrum
A |
wq = -3 Joj (1 - cosqR;) = —[J(O) ~ J(9)]
J

Exact for 30 1 Dm:"r[



LDA<4U functional
| LSDA plus Local Coulomb interactions:

. U‘ f ;c+ C+ 1C. »C,
i{gz} mimamymo *M10 imoo’ lmgd tmla

LDA part with double-counting corrections:

HﬁcDA Z h:i?qmga'c:l;n,_acjmzo — BEge
ijo{m}

Spin-polarized case:

E4. = %Und(l—nd)—%_f[ndT(l—ndT)+n¢u(1—nd¢)



Vee(| P =11 |) = )E;F “Yig(r1) Vi (r2)

F* - effective Slater parameters

(m,mn | Vee l mr,mm> . §ak(m, m’, mn,mm)Fk

where 0 < k < 2/ and

k
T $ (m | Yig | (i | ¥, | tm")

o o n "
ar(m,m, m m )=
( ¥ y 9 ) 2k 1 q‘—_

For f-electrons:

1,4 9 "
U= fﬂandJ_S(lsF+ Ly O pey

429

Supercell LSDA calculation of U and J
(Gunnarrson-1989)
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Intensity (Arb. units)

4 3 &4 & 4 & & 4 &

Energy wrt. Eg (eV)
Joyce et al. PRL 91, 176401 (2003)




Density of states (1/eV)
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