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Correlated Functional Quantum Materials
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Electron Configurations in the Perodic Table
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Electron correlation in single element phase
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Many-electron problem

Approaches:

Chemical Accuracy
1 kcal/mol

EXX with part.laf RPA+
exact correlation
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Infinite Basis set

A [ ExacT }
Larger basis set increases \\ /'
Pople basis sat flexibility to describe wave A P
6-31G(d) function/ electron density /‘/
6-31+G(d,p) E;:j:‘?;:}z;z?:: Increasing an accuracy
Increasing CPU time
6-311++G(2df,pd) Polarization function 4
| Higher-angular
momentum orbitals
Dunning basis sets
(aug)-cc-pVDZ
(aug)-cc-pVTZ /
(aug)-cc-pVQZ /
i -
o~ Improving description of electron correlation
- Double excitations
/ - Perturbative of triple excitations
> Full electron
correlation

HF/SCF MP2  MP4 CCSD(T) CCSD(T)}-F12 ... FULL CI

Qcisp (1)

Level of Theory



Toward a predictive theory of correlated materials
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Efficiency matters
THE U.S. MATERIALS GENOME INITIATIVE

“,..to discover, develop, and deploy new materials lwice as fast, we’re launching what we call the Materials Genome Initiative”
= President M, 2011

OMeeting Societal Needs ¢ Accelerating Our Pace _ The U.S. Materials Genome Initiative (MGI)

Advanced materials are at the heart e = . challenges researchers, policymakers, and
of innovation, economic opportunities, S business leaders to reduce the time and
and global competitiveness. They are resources needed to bring new materials
the foundation for new capabilities, to market—a process that today can take
tools, and technologies that meet 20 years or more.
urgent societal needs including clean
energy, human welfare, and national
security.

\

Time to Market

e
L——— ) National Security

O After MGI
Discovery Development Deployment

Building Infrastructure for Success .

The MGI is a multi-agency initiative to
renew investments in infrastructure
designed for performance, and to
foster a more open, collaborative
approach to developing advanced
materials, helping U.S. Institutions
accelerate their time-to-market,
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Features of G-RISB approach

Complementary to DMFT (CTQMC@T):

« Comparable accuracy for ground state properties (0K).

« QOver two orders of magnitude greater efficiency.

« Able to treat any symmetry breaking (spatial, spin, etc.)
without further approximations.
* Rotational/gauge invariance can be fully implemented.

« Semi-analytical, physically more transparent.



Single-band Hubbard Model

Hamiltonian:
H Z z tRR’CRO'CR’ + Z HlOC R
RR' o
trr/Cl € g ch +Uc) L
RR'CRoCR/ o dCRoRo T VCRIERTCRICRL
RR' o R
R: site index
3 4 o:spinindex=1, |
U: Hubbard interaction strength
1 RS tgr’: hopping amplitude
e - g, orbital level
. R * *
j"[F—®R7'[F j"[F = {|0; R)|T R),| ;R),| TL;R)}

- S = {10), c};10), ¢, 10), crch 10)}




Single-band Hubbard Model

Gutzwiller wave-function:

W) = P|%) = | [Palwer =] | (Z Aanl; RY; R|> o)
R An

R

« A,n span the same local Hilbert space of dimension 2, however, they are
not necessarily the same.

* [A4n], Which is directly related with the local many-body density matrix,
commutes with the local symmetry operations.

« For the single-band HM, [14,] commutes with {N, S,} —Simple form for the
projector: Pr=Xr Ar|F; RXF;R|, with {|F;R)} = {|0;R),| T;R),| {;R),| TL;R)}




Single-band Hubbard Model

Local onsite exact treatment: able to recover the atomic limit.

(WalHioer|¥6) = D prp(Fi R|Hiocr|F3 R)
F
Gutzwiller approximation:

(lPG |CI-£O'CR’O'|qJG> = ZR,GZR’J(LIJOlCI-EGCR’quJO)
Hopping renormalization factor:

_ (ZFF’VprF’KF; R|c;;0|F’;R)|)

\/nRa(l - nRa)
Gutzwiller constraints:

ZR,O’

ZPR,F = 1; ZPR,F<F; R|ngs|F; R) = ngs
F F




Single-band Hubbard Model

Total energy:

(W |H|W;) = Z Z ZR o Zg o trr! {Wo ek cpr o |Wo) + Z prr{F; R|Hyocr|F; R)
F

RR' o
Gutzwiller constraints:

Z Prr = 1; Z Pr{F; R|[ngs|F; R) = ng, |Hiocr] = (
F F

o O O O

A constrained minimization problem.
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Generic (Kohn-Sham) Hubbard Hamiltonian

> I @l it Y H*{chia b {crin)]

Jj af Riccorr
| . | R = label unit cell
1= * i k = Fourier-conjugate of R
o II; = DMEFT projector
* i=1 * Zek”'i = 0 Vi correlated
k
I * * 1=2 a,3 = orbitals in R, i

( Example: i = 0: uncorrelated orbitals; i = 1: d orbitals atom 1
[ = 2: f orbitals atom 2 ... )




Variational energy
1= 30 3ot + [ ) o)
k ap

EWo, {61} = NZZ[R iRl (Wolflfip W) P 0

K,ijj ab

+ Y Te(g0f H)

[Ecorr

zZ— R

where
[Rilge = ZTr[qb:f F:ra o sz] [Api(1 = Dpi)ly,”
b

to be minimized satisfying the Gutzwiller contraints:

Tr[¢T¢'] = (Yo|¥g) =1
[¢T¢ ia lb] - <‘Ij0’fl];iafRib’\Ij0>EApi




Lagrange function with linearization

promoting A, , R to independent variables using Lagrange multipliers.

L[¥o,E;¢,E5 R, RT, \; D, DT, X A)] =

1 5
ﬁ(%lH?;p[R, RN [Wo) + E(1— (o[ W) +

S [cb,- 81 B+ (1D o] Flu 6y Byt He ) +37 N1, 019, F’I‘F"b] i
i — ab
S E(1-n[sf])
B Z {Z ([)\i]ab n [A?]ab) (A, + Z ([Di]aa [Ril, o, [Api(1 — Api)]c%oz -+ c.c.)}

ab cace

where

AP R, RY A = Z Z [Ri Ek,inJT:Iabﬁ;@ﬂcjb + Z [Ailap fI;fiafRib

k,ij ab Ri,ab

Now quadratic functional of ¢ (linear in ¢ and ng)!
(g—g = 0 same complexity of ground-state eigenvalue problem ...)




Functional formulation

iw — ReRT — A

1 oL
L:[ (b' )EC; RaRT,A; D,’DT’AC; AP]ZEZTrlog( )ezwﬁ _I_
k,w

S [(@d 5™ D, D AT @) + Ef(1 — (@il2)]

i

_ Z |:Z ([A;]ab + P\:‘:]ab) [Apily + Z ([Di]aa [Rilea [Bpi(1 = Api)]éa * C.C‘)]

ab cao
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Stationary equations
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Embedding Hamiltonian

1D, DY AT = 1l }, {ea ) z Daa chf, + H.c.) +Z/\ o fo £

o The number of bath orbitals is exactly equal to the Quadratic + quartic terms

number of impurity orbitals.

o Recursively solve the grounds state of the model 7o [{ei} {ea )]
at “half-filling” subject to different {D,,, 15, }. Only
one-particle density matrix is required in the
calculations.

o Methods: 2,1 o [y [
1. Exact diagonalization.

2. Quantum chemistry methods.
3. DMRG.

Quadratic terms only

18




DFT(LDA)+G-RISB energy functional

L[N, Ve p, J; ®,ES R, R, 4;D,D,25 4, ]

. T 1
- ;‘lil(l) N Lo Trlog (iw+R(Zh0p—jh°p)R+—)L+u)

+ 2 ((q’i|Hiemb [D,, D, A°]|@;) + Ef (1 — (Cbi|¢i>))

+ Zi (Zab([li]ab + [Ag]ab) [Api]ab + ana ([Di]aa [Ri]ca [Api(l _ Api)]if +c.c. ))
- fer(r)p(r) + Eﬁlgg [p] + Eionlp] + Eion—ion

+ Zi(VidcTr(Api) 4+ EidC[NilOC] _ VidCNilOC)

Nicola Lanata, Yongxin Yao, Xiaoyu Deng, Vladimir Dobrosavljevi¢, and Gabriel Kotliar. Phys. Rev.
Lett. 118, 126401 (2017)

Nicola Lanata, Yongxin Yao, Cai-Zhuang Wang, Kai-Ming Ho, and Gabriel Kotliar

Phys. Rev. X 5, 011008 (2015)
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Local Projector

The choice of local projectors can be crucial!
Candidates:

«  Maximally Localized Wannier Function
a) sufficiently large energy window
b) optimized initial guess (centered at atoms)

« Projected Wannier Function

¢ Quasi-Atomic Minimal basis set orbitals

Nicola Marzari and David Vanderbilt, Phys. Rev. B 56, 12847 (1997)

V. I. Anisimov, D. E. Kondakov, A. V. Kozhevnikov, I. A. Nekrasov, Z. V. Pchelkina, J. W. Allen, S.-K. Mo, H.-D. Kim, P.
Metcalf, S. Suga, A. Sekiyama, G. Keller, I. Leonov, X. Ren, and D. Vollhardt. Phys. Rev. B 71, 125119 (2005)

Kristjan Haule, Chuck-Hou Yee, and Kyoo Kim, Phys. Rev. B 81, 195107 (2010)

T.-L. Chan, Y. X. Yao, C. Z. Wang, W. C. Lu, J. Li, X. F. Qian, S. Yip, and K. M. Ho, Phys. Rev. B 76, 205119 (2007)
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Double counting

«  “Fully Localized Limit” DC pEEE = U(Nip — 1/2) + J(NG,, — 1/2),

«  “Around Mean Field” DC P = U+ Y (Ui = Ty )0
n' = 2(%_:: > e Mo ir: ;Ee#:;erage occupancy

*  Nominal DC phE = U(n_-’-.mp —1/2) + J(_:‘v_-';,’,,p —1/2),

“Exact” DC

* M. T.Czyzyk and G. A. Sawatzky. Phys. Rev. B 49, 14211 (1995)
+ Kristjan Haule. Phys. Rev. Lett. 115, 196403 (2015)
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Flow chart

Initial electron
density po(r)
Y
Construct J(r) (Eq. 65)
and corresponding
HUKS (Eq. 62)

[ Initial V4 ]

L

LDA+GA solver
with linear double
counting

Update | \ : ) T
lect , - \
i Solve HKSH with
pGA(r) L GA (Sec. II B) |
(Eq. 66) :
L —

Total energy

No converged?




FlapwMBPT

ComWann

Wannier Interface

KSH Hamiltonian

o/ He [RAIW,) = &lWo)
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What science can it address?
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Benchmark:
Correlated metal

25




Plutonium: good description based on correct physics
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Good description of all six phases of Pu, including the
equilibrium volumes, relative energies etc.
Correlation effects are crucial to balance the competition
between electrostatic Madelung effect and Peierls effect,
by renormalizing the quasi-particle bands.

No artificial symmetry breaking is introduced.

Lanata, Nicola*, Yongxin Yao*, Cai-Zhuang Wang, Kai-Ming Ho, and Gabriel Kotliar.

Phys. Rev. X5, 011008 (2015).



Benchmark:
Mott insulator
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UO,: orbital differentiation and covalent bonding

Mott localized states:

-
Plag
-

T 1) ~0.939 T, 5/2,+) +0.343 |1, 7/2, —)
R
| 112) ~0.939|1",5/2, =) + 0.343 [T, 7/2, +)
" Ipawuss| 1 (2) (1)
LD 1 13)~0.939T,5/2,+) +0.343 |1, 7/2, -)
1 14) ~ 09390, 5/2, ) +0.343 1\, 7/2, +)
IR e LT R S S . - R S S S N SRR AR
35 37.5 45 47.5
V (A’/fu)

o DFT+G reproduces the experimental EOS.

o Mott localized states have considerably mixed J2 character due to the
crystal field effect (not a simple picture of all the J=5/2 orbitals
localized).

Nicola Lanata*, Yongxin Yao*, Xiaoyu Deng, Vladimir Dobrosavljevic, and Gabriel Kotliar,
PRL 118, 126401 (2017)



Multiplet effects

local reduced density matrix pf = e_ﬁ / Tr[e_ﬁ]

T T — T T T T T ]
= 0.8 ®1503) 0.8F =
N 0.6 Z el -
~ | U=8eV = 02F 4
'E: 04 A 0' I ] |

v 02+ N -

I rq2) -rs(4) |

O ] | 1 | q | ) Ml | 1
0 | 2 3 4 5 6

Most probable local configuration f2 I triplet,
consistent with experiment.

Nicola Lanata*, Yongxin Yao*, Xiaoyu Deng, Vladimir Dobrosavljevic, and Gabriel Kotliar,
PRL 118, 126401 (2017)



Benchmark:
correlated semiconductor and
nonlocal correlation effect

30




GW+G: FeSb, is a Hund’s semiconductor

130 A

0®® °, ® qsGW+G
120 1@ ° ; *  qsGW-+DMFT
110 - ®
% 100 ¢
£ °
U] ® °
80 . ®
® [ ]
70 1 * 7
60 - T T T hd B T T T
0.0 0.5 1.0 2 4 6 8
] (eV) U (eV)

« Band gap size is more sensitive to Hund’s coupling J rather than Hubbard U

+ gsGW+G produces the band gap size in close agreement with
gqsGW+DMFT: 88 meV vs. 70 meV, or at elevated | = 1.2 eV.

« Calculation time = 1 minute/point.
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Benchmark:
Correct energetics for a series of
transition metal compounds
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Crltlcal role of correlatlon for crystal structures
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Lanata, Nicola, Tsung-Han Lee, Yong-Xin Yao, Vladan Stevanovi¢, and Vladimir Dobrosavljevi¢. “Connection

between Mott physics and crystal structure in a series of transition metal binary compounds.” npj Computational
Materials (accepted, 2019)
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Correlation induced huge modification in potential
energy landscape
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between Mott physics and crystal structure in a series of transition metal binary compounds.” npj Computational
Materials (accepted, 2019) 34




!
CAUTION

- Some of functionalities presented above
are still under development to be user
friendly modules in the Comsuite.

* We need continuous support from US
DOE and you!
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Molecular Hydrogen

Toy H, model

2
E E scwcm—l— E uoCma /Cio'Cio

Hi =Y —t(c],c2s +He))

o

Hartree-Fock wavefunction (spin singlet):

W) = % C}LTCLIO) + C;TC;MO) + CJ{TC;“O) + C;TCLK)))

Gutzwiller wavefunction (with selection rules due to symmetry):

1
Wawr) = Vd(£c],10) + clpel 0)) +1/5 —dlelyes, 0} + chyei, 10)

Fixed (1/4) vs variationally optimizable double
occupancy!




ToyH,

0.25F==

double occupancy

0.00

model

1.0 2.0 3.0 40
r(A)

Energy

1.0

20 30 40
r(A)

38




Improving the accuracy: Gutzwiller renormalization
group

2
5 U
Himp = - [1 - ch,aco,g} — Y (] ye00 +He) ¢

o=+

1
2

0
— 3 Y ek eriro +He. (1)

Redefine: 2
-~ U
= S{a] S=72 1= choCoo| + Y t'(cloco,+H
H = S[{O}g, GE}] + %; Bbb’ bbbb’ 2 ;Co, Cop 0_2/2 (CL Co C)
N-1
T ot : _
+bzz (%2 bbaz _l_ VEb a;—i-gbb) y +U::|:1/2 Rth (CR o-cR+1O-+HC) SN (2)

Nicola Lanata, Yong-Xin Yao, Xiaoyu Deng, Cai-Zhuang Wang, Kai-Ming Ho, and Gabriel Kotliar
Phys. Rev. B 93, 045103 (2016)
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Improving the accuracy Gutzwiller renormalization
group 5
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Nicola Lanata, Yong-Xin Yao, Xiaoyu Deng, Cai-Zhuang Wang, Kai-Ming Ho, and Gabriel Kotliar
Phys. Rev. B 93, 045103 (2016)



Improving the accuracy: Gutzwiller renormalization
group

D/U=4, U/T =5

~ o @@® GRG convergence
= @ @ ED with M=2(N+1) sites

S
= 0
é —0.082F rquc. T/T =1/50
. CTQMC: 7/T =1/100
0 1 2 3 4

N

Nicola Lanata, Yong-Xin Yao, Xiaoyu Deng, Cai-Zhuang Wang, Kai-Ming Ho, and Gabriel Kotliar
Phys. Rev. B 93, 045103 (2016)
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Possible improvement

Emergent Bloch Excitations in Mott Matter

1

Nicola Lanata,! Tsung-Han Lee,! Yong-Xin Yao,? and Vladimir Dobrosavljevié
" Department of Physics and National High Magnetic Field Laboratory,
Florida State University, Tallahassee, Florida 32306, USA
*Ames Laboratory-U.S. DOE and Department of Physics and Astronomy,

Towa State University, Ames, Towa IA 50011, USA
(Dated: July 25, 2017)
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Figure 1: (Color online) Representation of a lattice including 0 T RS o R
2 ghost orbitals (o = 2,3). The Hamiltonian of the system 1 R e e e e o R
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