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Critical point

Paramagnetic
insulator

Fermi liquid




Mott transition: evolution as a function of

Mott, Hubbard (and others), Can use LDA
50-60 years ago

On-site Coulomb repulsion
can localize electroncs unless Difficult
the hopping amplitude is

large enough to overcome it.

to treat
within
one-particle

OK, not so simple. Other energy theory

scales enter the problem:
* Hunds coupling

* crystal field splitting

* multiple bands: “orbital selection

Can use LDA+U

Transition metal monoxides are
the ““classic case’: unsolved

Georges et al, Rev. Mod. Phys.1996

Dvynamical Mean-Field Theo




Mott transition: spectral evolution as a function of U/W

Can use LDA

Difficult
to treat
within
one-particle
theory
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Binding Energy (eV)

Fujimori PRL 69, 1796 (1992) Georges et al Rev. Mod. Phys.1996

Dvynamical Mean-Field Theor



LDA+U cannot handle fluctuations induced by strong interaction.

Dynamical




Anisimov et al, J. Phys. Condens. Matter 9, 7359 (1997) (LDA+U, LDA+DMEFT)
Lichtenstein and Katsnelson, PRB 57, 6884 (1998) (LDA+DMFT)




FPLO & LMTO
local orbital basis sets

i \ 9x9x2 (MnO) matrices on 3375 k-points

solve impurity problem

Hirsch-Fye QMC
CT-QMC hybridization expansion




Requires ittt R ime

Analytic calculation forall iequencies
Allemperatires arcraceessible
INoreliccts ol bath/ morkiondo piysics

lExact solution, withimstatistical Sitor Himagimany: time discretization:
IPotstoir CRPUMIme requited

[Figodicity Issucs

Pow I requiies toormuch CPIUtImes CRUMImME goes as @((14=3))

Requires analytic continuationior A(m) on real axis

“Exact” solution, within statistical crrox:

Faster than Hirsch=lye

[Cower: tempenatitics are accessible

Norenrgodicity 1ssucs?,

Requires analytic continuationior A(m) on real axis




Theoretical extension:
all-electron + DMFT

V. I. Anisimov, A. V. LuKkoyanov (Yekaterinberg)
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R. T. Scalettar, W. E. Pickett (UCDavis.







Mott transition
under pressure
has been
observed
in MnO!

Insulator

B1 (PM)

dB1 (AFM)

Conceptual
MnO P-T phase
diagram

B8 (DM)

90 105 P(GPa)

" J.R. Patterson et al., PRB 2004: Mott insulator to metal transition at ~100 GPa
" (C.S. Yoo et al.,, PRL 2005 => B1-B8 transition at 90-100 GPa. Mott transition

concurrent with moment, volume collapse at 110 GPa
" Y. Mita et al., PRB 2005 => metallization at 94 GPa
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Reproduces exptl data
at zero pressure (note:
no matrix elements
were included).
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Spectral density

Hirsch-Fye QMC “local solver”
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Spectral density
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Spectral density

Correlation effects weaker in LS state
(bold lines: LDA)
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Increase in A ¢
under pressure
overwhelms J,.

*moment collapse,

*then metallization

Verified by
e varying J
e varying U
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Increase in A ¢
under pressure
overwhelms J,.
*moment collapse,
then metallization

Verified by
* varying J
e varying U
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» Total energy calculation requires additional ansatz for the
energy functional. Outcome:

v' E - Vis not convex => volume collapse, due to moment collapse

v’ transition pressure p. ~ 120 GPa (expt: p,. ~ 105 GPa)

The Mott transition in MnO is controlled by competition
between Hund’s coupling and crystal-field splitting --

not by band broadening under pressure.




Theoretical extension:
all-electron + DMFT

No equation of state, however.

Shorikov, Pchelkina, Anisimov, Skornyakov, Korotin, arXiv:1007.4650
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Anomalously lange volume at P=0
Sx larger themmal expansion than other rare cantis

Transition appears less nobust at lower 1t

Intermmediate State 1S mixture of - + f1* states,

Syassen et al. PRB 26, 4745 (1982)




Fanltneiio produce Hibbard

bands
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Lulispoteniial; all=Cleciron
[Pocall orbital basis; Set

[FiEicICni hASTS SCl
Y0 (5851 /- 68OpSd4 = polatization onitals

Hamiltonian:s 405405 SeliEcnetgy: [45x 14

Miattixe myension at eveny: Viaisubara ireduency;




HiFand @VIE agicerquantitativelyaat
latge Vi

HilFgives qualitative behiavior

limaginary iime discriiZaion Iior =
charge seli=consistent Chtor

[E=50poeimts 100 CPIUEhouLS cach:

Tcmprdependence iollows
expetimental data (YDA Cuy, and
YbAL)

XAES: Phys. Rev. B, 26:4745, 1982
RIXS: Phys. Rev. B, 75:081101(R), 2006

= HI
o HF-QMCL =80
¢ HF-QMCL=112
O HF-QMCL =160
— HF-QMCL =
4 CT-QMC

v RIXS

Convergence behavior

Temperature dependence

& XAES
-~ HIT=16K

— HIT=630K

-~ HIT=1580K

A CT-QMC T=630K
O CT-QMCT=1160K
o HF-QMC T=1580K




T
~
&

o
NSRS RUSE
SN =
(OSEV, RN )

T
<<<<

Miany: body:state
afm_kﬁfm
ISfapparcil

NOIOS

[Power/upper Hublyard:
bands gradually:
galn/losCHve1Zhl

Non=imicgralwerghis

el L e Tt e " tae
A, TR w_..-..-,_xh/-.“-". AV L1 S, A

Intensity

J. Phys. F 11, 121 (1981)




Yb: chargefluctuationsin the Z/shell

Equal-time charge fluctuations Correlated charge fluctuations (susceptibility)

{(dn2)) =((n2)-({np))? Local susceptibility ¥ V=9 {((n;)) /0 V.

1

\Y (A3/atom) \Y% (A3/atom)




Yb: chargefluctuationsin the Z/shell

{(dn2)) =((n2)-({np))? Local susceptibility V= a9 {((n;)) /0 V.,

\Y (A3/atom) \Y% (A3/atom)




Yb: chargefluctuationsin the Z/shell

{(dn2)) =((n2)-({np))? Local susceptibility V= a9 {((n;)) /0 V.,

(a)

\Y (A3/atom) \Y% (A3/atom)




e Inclusion of local dynamic correlations can lead to qualitatively
different physics compared to static methods

e DMFT can capture spectral weight transfers without band shifts
e Real systems with multiple bands provide many different
possibilities to realize Mott insulator and metal-insulator

transition (MnO, FeO, ...)

e Two-particle response functions in DMFT are not simple

convolutions of single-particle ones, e.g. different spin and
charge gaps, crystal-field excitations in Mott insulators,

fluctuating valence states




Solid circles — theory, open circles — exp. (Roy et.al, 1976)

LSDA, AFM phase LDA+DMFT, PM phase

(Savrasov, Kotliar, PRL 2003)




T (008)

(Dai, Savrasov, Kotliar,Ledbetter, Migliori, Abrahams, Science, 9 May 2003)
(experiments from Wong et.al, Science, 22 August 2003)










Energy Functional #1: McMahan et al.

strongly correlated Uy + moderately correlated LD A

DMFET functional: McMahan, KH, RTS: PRB 72, 115125 (2005)

Erxiert = Erpa + [Epyvrr — Emppal = Erpa + AEyenm

ﬁEM,_.:M = TT[H;C{G(EDMFT) — G(EmLDfl)}] KE

1 - 1
- ETT'[EG(EDB,IFT] - =

9 Tr [E'rn L D_»’lc(z'rn[‘ D_f’l] P.E.

TrH{G(Zpmrr) — G(Emrpa)}

1
E Z Ur{wu’ [(w"msn'm" s‘) - (n"ms) (Ti',.mrsf)]

msm’s’

1
EmLDA Uf(nf — 5) {T.TLLDA = model LDA}

For reference: the density-functional functional is

Erpalpl = (To[p] + Tr[vecep]) + Encelpl
(TT [Ekfk] - TT[UhIcPD + Eh:rr: [p]







DFT-LDA Loop

No

DMFT Loop













