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ROLE OF THEORY




Role of theory
SCIENCE :4 August 1972, Volume 177, Number

“The constructionist hypothesis breaks

down when confronted with the twin N
difficulties of scale and complexity. The MOl'e IS Dlﬁerent
behavior of large and complex aggregates

of elementary particles, it turns Broken symmetry and the nature of
out, is not to be understood in terms . . .

of a simple extrapolation of the properties the hierarchical structure of science,
of a few particles. Instead, at

each level of complexity entirely new P.W. Anderson

properties appear, and the understanding
of the new behaviors requires research
which | think is as fundamental

In its nature as any other.”



Role of Theory
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Role of theory, accelerate the pace
of discovery

Materials Genome Initiative e MG CFTEFESORE
for Global Competitiveness T
June 24, 2011

June 2011

Dear Colleague:

In much the same way that silicon in the 1970s led to the modern information technology
industry, the development of advanced materials will fuel many of the emerging industries that
will address challenges in energy, national security, healthcare, and other areas. Yet the time it
takes to move a newly discovered advanced material from the laboratory to the commercial
market place remains far too long. Accelerating this process could significantly improve U.S.
global competitiveness and ensure that the Nation remains at the forefront of the advanced
materials marketplace. This Materials Genome Initiative for Global Competitiveness aims to
reduce development time by providing the infrastructure and training that American innovators
need to discover, develop, manufacture, and deploy advanced materials in a more expeditious
and economical way.

The success of this initiative will require a sustained effort from the private sector,
universities, and the Federal Government. I look forward to working with you to make this
vision a reality.

Sincerely,

John P. Holdren

Assistant to the President for Science and Technology
Director, Office of Science and Technology Policy




Why can we even contemplate now the possibility of
material design (in weakly correlated electron systems)?

Success based on having a good reference system

“Standard Model” of solids developed in the
twentieth century. Reference System:Free
electron waves in a periodic potential
(Sommerfeld and Bloch) .

Works well for very weakly correlated
materials, e.g. simple metals and insulators




Band Theory. Fermi Liquid Theory (Landau 1957).

Density Functional Theory (Kohn Sham 1964)

_vz / 2 _I_\/KS (r)[p] wkj _ gkjwkj Reference Frame for

Weakly Correlated
p(N)= D, * (N (1)

Systems.
Starting point for perturbation theory in the screened Coulomb interactions
(Lars Hedin 1965)

/
G = Gust | /?\ - Vis ]

M. VanSchilfgaarde Phys. Rev. Lett. 93, 126406 (2004)

Many other properties can be computed, structure
transport, optics, phonons, etc... Residual interactions

lllll



Strongly correlated electron systems.[ working definition].
Materials where the previous paradigm fails .

Results in “big things”. Metal to insulator transitions,
heavy fermion behavior, high temperature
superconductivity, colossal magnetoresistance, giant
thermolectricity. Abnormal “ normal” state. Large
resisitvities,

The Kohn Sham system cannot describe spectroscopic
properties of correlated materials, because these retain
atomic physics aspects. Mottness, Hundness. e.g.

multiplets, transfer or spectral weight, high Te’s ) whicl
are not perturbative

NEEDED: a new reference system to describe correlate
materials and compute their properties.



Quantitfy correlations and locality

3 1
G(w) = [0+ V2 + U —Viaree — Verye ] — Z(@)
e Chemist
. 2(60) — X Hartree-Fock arnge
* Physicist
B large
X(w)—VXC pa

“Locality” is defined with respect to a basis
S(r, ") = X wr(r)X(iw, Jarw xr(r')  I<RPERa>«<RZRa>
Challenge : Finding optimal truncations to get right spectra
and total energies. Vxc - Bdc

2(k,w) = Z(K) +|Rot) 2o ee (@) (RB|



My definition of correlation is energy scale
dependent, this is OK,, we are always
Interested in some limited energy range.

Large, or small, maybe property dependent.

Large or small depends on the reference
system. The chemist use Hartree Fock not LDA
as the reference.

“Static” correlations Large k dependence of

2 —VXC, a
“Dynamic” correlations, large frequency
dependence on )

11



 The chemists exchanged terminology for 12
“static” vs “dynamic’ correlation.

* |n chemistry “static “ correlations, means that
many slater determinants are needed to
describe a state. In chemistry “ dynamical *
correlations, mean that a slater determinant is
OK, but the DFT orbitals need improvement.

Cohen AJ, Mori-Sanchez P, Yang W (2008)
Science 321:792—794 ( 2008) .

REFERENCE: G. Kotliar Chapter 2, of the

proceedings of DMFT at 25. Pavarini et. al.
editors. Springer Verlag.

http://www.cond-mat.de/events/correl14/
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Mean Field Theories Replace a many body problem by a single site
problem in an effective medium reference frame

Hpsdersonimp = 2, VoCooArs +€.0)-+ D E,ALA,,
. T a0 a,0
4%%(}”‘] i}}ngaij—)(ﬁE&'l' Cjociol) +U 2 niTni¢> az; ulfg;'cMﬁu%Teogc& thf So

DMFT

" wW—E,
Effective medium: quantifieds the

: . T EE DMFT self consistency : medium
notion of “ metallicity” or Itineracy

to reproduce the exact (best ) local
spectral function of the problem.

A. Georges and G. Kotliar PRB 45, 6479 (1992). Gimp(iwn)[AP; [0+ 1 _H(k)l_g_ (iwl)é[lA]]

+



DMFET impurity model in self consistenta. ceorges and

G. Kotliar PRB
medium. Embedding +Truncation 45, 6479 (1992
LDA+DMFT. V. Anisimov, A.
Formalism derived from functionals Poteryaev, M. Korotin, A.

Anokhin and G. Kotliar, J. Phys. 15
Cond. Mat. 35, 7359 (1997)

Atomic
Two particle parameters and
irreducible vertex dc determined
function from
A constrained
RPA or GW

1

G(w) =
[(D + VZ T cu_VHartree o cryst] _Vstatic o ZRa/B‘ Ra>ZI0cRR(w)<Rﬁ‘



LDA+DM FT V. Anisimov, A. Poteryaev, M. Korotin, A. Anokhin
and G. Kotliar, J. Phys. Cond. Mat. 35, 7359 (1997).

 The light, SP (or SPD) electrons are extended,
well described by LDA .The heavy, D (or F)

electrons are localized treat by DMFT.

 LDA Kohn Sham Hamiltonian already contains an
average interaction of the heavy electrons, subtract

this out by shifting the heavy level (double counting
term)

O Kinetic energy is provided by the Kohn Sham
Hamiltonian (sometimes after downfolding ). The U
matrix can be estimated from first principles of

viewed as parameters. Solve resulting model using
DMFT.

d See also Lichtenstein and Katsenelson Phys. Rev. |
B 57, 6884 (1998)



I' oa+omrr [ o (1) Gab Vis(r) Za}

~Trlogliw, +V?/2-V,/ '—
f Vis(Dp(0)dr =S~ Tre(iw,)Gliw,) +

> 2[Gu]-

R

/ Vtxt(n)p(r)dr—l—%f PO e ip]+

[r—r’|

& Sum of local 2PI graphs with local U matrix
and local G

Notice Explicit Dependence on : U , DC, and Projectors

[ Orbitals ], and Independence of basis set.
R. Chitra and Gkotliar Phys.Rev.B62:12715 (2000).
S. Savrasov and G. Kaotliar_Phys. Rev. B 69, 245101 (2004).




For each choice of orbitals ( projector) there is a choice of
Ineraction U. Localized orbitals, have proved to be
transferable.

A great deal of progress has been made to develop methods
to solve impurity models over the last two decades.

CTQMC Review : E. Gull A Millis A. Lichtenstein A.
Rubtsov, M . Troyer, P. Werner Rev. Mod. Phys. 83, 349-404
(2011) . Talk by Andy Millis.

NRG Review Ralf Bulla, Theo Costi, Thomas Pruschke
Rev. Mod. Phys. 80, 395 (2008). Talk by K. Ingersent

DMRG : Ulrich Schollwoeck Annals of Physics 326, 96
2011) . Talks Friday .




Kohn Sham self energy Is local in space and time. GW
corrections brings spatial non locality from inscreened
Coulomb interactions. Mott physics rquires non locality
In time.

Model Hamiltonians. DMFT is exact in infinite dimensions
Metzner and Vollhardt PRL 62, 324 (1989) Kinetic energy ~ onsite

repulsion

How can we tell if and when a local approach is OK ?

Cluster DMFT Studies DCA M Hettler M. Jarrell H.
Krishnamrthy et. al. Phys. Rev. B 58, 7475 (1998) CDMFT
kotliar et. al. Phys. Rev. Lett. 87, 186401 (2001).

Compare experiments with multiple theoretical and
experimental spectroscopies

19
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Model Hamiltonians and First
Principles Methods

Theory of everything vs Hubbard model

Questions to ask ?

Model Hamiltonians spirit qualitative issues common themes to many
materials. TOE is needed to answer what material does what.



Mott Hubbard Mechanism and V203
{ubbard Model Kinetic Energy~t vs CoulombEnergy U
Hatom:%U(N—l)z 1) — ?t |
E(N+1)—E(N))-(E(N)-E(N-1))=U

22
Mott Insulator U >>t
T OO 2
e Charge Blocking
soof ™ 7

SO0
= < heating
e cocoling
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VOLUME 75, NUMBER 1 PHYSICAL REVIEW LETTERS 3 JuLy 1995

(arb. units)

o(®)

T/D

Optical Conductivity in Mott-Hubbard Systems

M. J. Rozenberg.* G. Kotliar, and H. Kajueter
Serin Physics Laboratory, Rutgers University, Piscataway, New Jersey O8855-0849

G. A. Thomas and D. H. Rapkine
AT&T Bell Laboratories, Murray Hill, New Jersey O7974-0636

J. M. Honig and P. Metcalf

Department of Chemistry, Purdue University, West Lafayette, Indiana 47907 23
(Received 13 March 1995)

We study the transfer of spectral weight in the optical spectra of a strongly correlated electron system
as a function of temperature and interaction strength. Within a dynamical mean field theory of the
Hubbard model that becomes exact in the limit of large lattice coordination, we predict an anomalous
enhancement of spectral weight as a function of temperature in the correlated metallic state and report
on experimental measurements which agree with this prediction in V>Os3.| We argue that the optical
conductivity anomalies in the metal are connected to the proximity to a crossover region in the phase
diagram of the model.
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Signatures of correlations: Optical conductivity.
Plasma frequency increases with decreasing T.

SW(T)=

Baldassarre et.al
PRB 77, 113107 (2008)




More realistic studies of vanadium oxides within LDA+DMFT
followed over the last decade, very incomplete list

. K Held, G. Keller, V. Eyert, D. Vollhardt, and V. I. Anisimov, Phys. Rev.
Lett. 86, 5345-5348 (2001).

. 6. Keller, K. Held, V. Eyert, D. Vollhardt, and V. I. Anisimov, Phys. Rev. B 70,
205116 (2004).

. A. I. Poteryaev, J. M. Tomczak, S. Biermann, A. Georges, A. I. Lichtenstein, A.
N. Rubtsov, T. Saha-Dasgupta, and

O. K. Andersen, Physical Review B (Condensed Matter

and Materials Physics) 76, 085127 (2007).

. J. M. Tomczak and S. Biermann, Phys. Rev. B 80, 085117 (2009).
. L. Baldassarre, A. Perucchi, D. Nicoletti, A. Toschi,

G. Sangiovanni, K. Held, M. Capone, M. Ortolani, L. Malavasi, M. Marsi, P.
Meftcalf, P. Postorino, and S. Lupi, Physical Review B 77, 113107 (2008)

Lo Veccchio et. al. Phys. Rev. Lett. 117, 166401 (2016)
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'Weak correlations ? Itinerant magnets ?

I——



Early DMFT predictions

Parent
Compound is

M. M. Qazilbash
et. al. Nature a (bad)semi-
Physics 5, 647
(2009)

ViassS enhancement s-o

a0 [T s active d orbitals



p,, (u2cm)

31

LDA value




Hund’s metals come out of the closet!

Antoine Georges, Luca de' Medici, Jernej Mravlje
Annual Reviews of Condensed Matter Physics 4, 137-178 (2013



Hundness 101 Hatom = %U (N)° —%J(S)Z

Friedrich Hund

d5->d6 d6_>d7
~ U-J
d6->dS
U+4J

VanderMarel Sawatzky

J survives in the solid U is
screened

PRB 37, 10674 (1988) 33



TK depends strongly on filling !

J. R. Schrieffer
J. Applied Physics 32,
1143 (1967)

Extreme low energy Kondo impurity scale




Hunds metals: correlations without satellites —
localized magnetism at intermediate scales

without spins Ba 122.

Theory: H Park. K. Haaule and GK Ph¥s. Rev. Lett. 107, 137007 520112

1y CTANCIHTICHILS.



"Eq for the Hunds metal. C.

PRB 91, 041110 (2015) see also A. Tsvelik

Intermediate
assymptotic
multichannel fixed
point K=2.N

" Flow to fermi
liquid fixed
point

is delayed

Schrieffer’s puzzle of Tkondo vs nd finally solved!!!

FERROMAGNETIC SIGN!

36
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Hundness (102) : Transmuting atoms Into
quasiparticles, Orbital-Spin Separation

Z. Yin K. Haule and GK Phys. Rev. B
86, 195141 (2012)

Weak coupling RG analysis, involvingnergy Scale

Spin, Orbital and Spin-Orbital degrees A I Atomic Degrees
of freedom C. Aron and G. Kotliar of freedom
PRB 91, 041110 (2015) Log(A)

K. Stadler Z. Yin J. von Delft G. Kotliar Tkprb

and A. Weichselebaum Phys. Rev. Lett.
115, 136401 (2015)

Origin of aparent power laws.

The DMFT self consistency is NOT i
essential to understand Hundness! | andau
OP

( unlike Mottness which is driven by it!)

37



NRG: Stadler et. al. Manifestations of Hundness.

Power law In the self energy on the Matsubara axis.

Y2 power law in self energy Werner P, Gull E, Troyer M,
Millis AJ. 2008. Phys. Rev. Lett. 101:166405.

Apparent Non Universial powers Yin Kotliar. Z. Yin K.
Haule and GK Phys. Rev. B 86, 195141

side or the self energy.



Self-energy at intermediate energies: Fractional power-law behavior. Old puzzle optics in

ruthenatesL. Klein, J. S. Dodge, C. H. Ahn, G. J. Snyder, T. H. Geballe, M. R. Beasley,
and A. Kapitulnik, PRL 77, 2774 (1996)

39
Experiments Theory (DFT
| ! | ! | ! | ! I ! | ! T T
(D) | k@ +D|\/|FT) -
3.4F “0ag, o )
—~ i ) —~ -0.1
; >
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b 3.1/ O FeTe,, (a=0.24) 03 =.0.6 FeTe, xy (0:=0.24)
ED‘D 7 O FeTeszem (0=0.35) S [“:bD | ED 07 - KXFez_yge:ﬁxz/yz (0=0.27)
A FeTe, ( Te, S, | (a=0.37) “'{;@D gt > A K Fe, Se,.xy (¢=0.07)
™| <1 St,Ru0, (¢=0.50) RN DD-[ 0.8 St,Ru0, . xz/yz (0:=0.50)
< StRuO, (0=0.40) ‘%ﬂ . -0.9F 7 St,RuO,, xy (4=0.42)
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ZPY et al., PRB 86, 195141 (2012).

0,(w) =< Re[

alis orbital and
material dependent,
not necessarily 1/2.



OPTICAL SPECTRAL WEIGHT DECREASES
WITH DECREASING TMPERATURE!

Q (X10







Landscape of Materials: Yin Haule GK Nature

]
angle Tendency to
orbital ®
o o differentiatio o
() ® .. ® @ Nn as ‘
correlations
increase. O
s
?é%@

Overal trend consistent with Fe-As distance

Hybridization with pnictogen

42



xy orbital, kinetic frustration and FeTe

Yin ZP, Haule K, Kotliar G. 2011. <@
Nat. Mater. 10:932-935.
Effective low energy hoppings Q A

direct
tﬂ?yawy <0

wnen pnictogen heignt large!

Destructive interference leads to kinetic frustration!



‘ Neutron absolute intensities I

44

Fluctuating moment by neutrons:

(u?) = / d—wn(w)x"(w)

70
Experiment by Liu ...Pengcheng Dai

f.m. In.RPA calculation
(U=018eV, J=0.2¢eV)

—




Spin Fluctuation Spectrum, ZYin K Haule and
GK et. al. Nature Physics (2014)

45




in Haule an i I
Yin Haule and GK (2012) L|FeAs H. Miao et. al.. PRB
89, 220503(R) (2014) ,,

Phys. Rev. B 86, 195141

46




Model ARPES: 3 band Hubbard model, no crystal fields!!!




First discovery in 2008: LaFeAsOixkx, H. Hosono, JACS 130, 3296 (2/13/2038) 2
may have to delete the image and then insert it again. 111 122 o ‘
11 } _

. Paglione and R L. Greene, Nature Physics 6, 645-658
(2010).

Theoretical understanding: iron pnictides as Hunds metals.

Various nronerties were nredicted usina LDA+DMFT |



49

The 112 famlly Shim Haule and Kotliar

Phys. Rev. B 79, 060501 (2009)

Inspired by solid state chemistry

BaFeASQ and BaFeS b2 IiteraturgYu et. al. , Intermetallics 20, 176 (2012).

M. Brylak, M. H. M oller, W. Jeitschko, J. Solid State Chem. 115,4305 (1995

33
As

51
Sb

v

v

TABLE I. Calculated structural parameters of BaFePns
(Pn=As and Sb). The space group is P4/nmm with the
internal coordinates of Ba (0.25, 0.25, zga), Fe (0.75, 0.25,
0.5), Pn(1) (0.75, 0.25, 0.0), and Pn(2) (0.25, 0.25, zpn).
For comparison, the structural parameters of LaFeAsO is ex-
tracted from Ref. 1.

BaFeAsy BaFeShy LaFeAsO

a (A) 3900 4430  4.035
¢ (A) 11.826 11977 8.741
2Bay?La 02200 02305  0.142
2Pn 0.6120 0.6177  0.651

Fe-Pn(2) length (A) 2404 2625 2412
Ba-Pn(1) length (A) 3384 3624 2367
Pn(2)-Fe-Pn(2) angle (°) 112.54 11505  113.55







Search for TM In the 112 structure,,
[FeAs][CaAs]-[MnBI][SrBi]




Chang Llu

F —. B2
Phys. Rev. B 93, 054522 (2016) Supported by NSF

DMREF







Hunds metals
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Electron Oxidation

Coprion._esssy S 2 | (sp)° Bi5+ Bid+(sp)!
Real Space . Ba 2+ O3 6- Bi 4+

Sleight et. al (1975), Cava et.al. (1988)
T

Valence skipping. Bi4+
disproportionates to Bi3+ and Bi5+

Pb substitution. Empties band
“Phd+ =Bi 5+ [

& IVA VA VA YIA



S

Our proposal: the correlation enhancement of I relative to its LDA estimate is
responsible for superconductvity in BaKBiO3 (I ~ .1 ), Occurs in many other systems
close to an insulating state. This is what charcaterizes the “Other High Temperature
superconductors”. HfNCI, Borocarbides, Bucky Balls.

Anomalous optical conductivity in the metallic
region can be understood within DMFT |~ .1.




PHYSICAIL REVIEW B VOLUME 46, NUMBER 21 1 DECEMBER 1992-1

Synthesis and characterization of Ba;(Pb,_ . Bi, ),O,

R. J. Cava and H. Takagi
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

H. W. Zandbergen
National Centre for High Resolution Electron Microscopy, Technical University, Delft, The Netherlands

B. Hessen, J. J. Krajewski, and W. F. Peck, Jr.
ATE&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 18 June 1992)

The synthesis and initial characterization of a layered perovskite-based lead-bismuth oxide are report-
ed. The phase, Ba3;(Pb, . Bi, );O,, for O=x =0.5, is the n =—2 member of the Ruddlesden-Popper series
A, ,B,O;, +,.- It can be synthesized only under very narrowly defined conditions. Despite the analogy
to the well-known three-dimensional perovskite superconductor BaPb, ;5Big 2503, layered Ba;Pb,O, does
not become superconducting (down to 1.8 K) on doping with Bi.

Barb,  Bi O
Ba, K _BiO,
o

Ba, K 3Bi_O,
Bas(FPb, , Bi )OO
n =22

Ba (Pb, Bi ),0O,o
n =3

o8

From 3d to 2d

but no TIc¢
Cs2 Au2CI6 has

been metallized
under pressure no
SC



e Analogous to BaBiO3, same valence electrons 59
Ba*"Bi*"*"0;"
CS“TI*¥CIY > CsTIC B - << ¥ SNG4 # A~
e Starting from CsAuClz ¢} \ __~7 i
weak phonon coupled bands near 24} .- N :%‘aluug ;
Fermi level , Jah“'“““'i_
strong phonon coupled band N TR ONET
about 3 eV above Fermi level AE N\ FT AL Nl
>needs to move Fermi level such th T X WK T 1T WUX
the strongly phonon coupled bands Ziphing Yin and G. Kotliar, EPL 101,

operating at phonon energies. 27002 (2013).

2 electrons/f.u. is needed, Au(#79)-> Tl (#81)
Candidate materials:CsTICI3,

generally ATIX3, where A=K, Rb, Cs; X=F, ClI,
Br




The materials are not in the ICSD database
The parent compound should be easy to make
It should be hard to dope




Two phases

One tetragonal the other cubic

Chemistry of Materials 25 (20), 4071
(2013). Charge ordered mixed valent

Insulator, value of gap~ 2 ev
correctly predicted

— C 9 U UOpE WeTrTke

unsuccessful so far...

Good topic for discussion!
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Plutonium Metal
 Multitude of phases, many elastic anomalies

« Thermodynamic and transport and
spectroscopic anomalies .DMFT approach,
(Savrasov Kotliar, Abrahams, Nature (2001). delta Pu

= _ _ 0 _ __01_ __a _a__ _ __ __0b _

-~ ralatAand maAa+tal

umee)

scepttifty (em
Resistivity (1 cm)

Magnic s
8
|

05



Photoemision Magnetism Havela et. al. Phys. Rev. B

68, 085101 (2003)

SR







Need to probe
excited states
with better
resolution.






Conclusions
DMFT self consistent Quantum Impurity Model:

NON GAUSSIAN reference frame.

(Dynamical) mean field theory gives a zeroth order
picture of strongly correlated materials.

Focused mostly on the normal state.

Two distinct routes to strong correlations: Mott vs
Hunds.

Temperature dependent electronic structure.

Reorganization of the degrees of freedom Is non
local in energy.

Clear progress in the field of correlated electron
systems.
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Perspective: phonon mediated Tc

“BCS tells us everything but finds us nothing.”, Berndt Matthias

200

138 A.P. Drozdov et.al Nature 525, 73-76 (2015)

160
150
140 Practical implementations,

130 linear response, user friendly
120 codes, fast algorithms for

. structural optimization, etc
Te (K) 110 d

90
80
70
60
50 BCS theory
40
30
20
10

DFT framework

Year 69



su Disorder in optimizing T_r:Se_z.,S,
1N the presence ot COVW correlations-

1
Lwriiiie=, 1L alldall l.l.l.l.-l:l.l.lE"' p ) L WV CLLTIL )y Law o3 LIUALLLT ol o Lis IJI.I.I.I.IIET.:"", L. . 201", LINLIITTL Ll.l.l.ll,

G. Kotliar®= and C. Petroviclt

TaSe2 TaS2 archetypical CDW material, low Tc ( Tc < .1 K) s Mixing
them raises Tc by an order of magnitude to 4K.

T. Smith et. al. J. Phys. F: Metal Phys. 5, 1713 (1975).

Homework:

Find Other

Examples using
the tools you learn
In this school.






