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Defining the Theory Problem

5>  Nc N+c
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@ Ground state energies, Magnetic and spin orders and
correlations. Magnetization measurements: SQUID

@ Superconducting orders and gaps. Superconducting gaps:
Andreev spectroscopy

@ A(k,w). ARPES measurements
@ N(r,w). STM measurements
@ S(k,w). neutron scattering measurements
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The Exponential Problem in Second Quantization
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The Exponential Problem in Second Quantization

N N+c

H = Ztl’YI'YICI’yC/’Y 47['6022 |r,—r] (2)
Example: 6 sites, 2 electrons leads to C8 = 15 states

OO00OO0O0
OO0O0OO0O0
OO00O0O0O0
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DMRG: Idea and Applications

What does exponential mean?

@ Assume N; “flavors” or orbitals (including spin), N sites

@ Assume no symmetries (won’t change the argument much)
@ Then complexity is 2NV*N

@ Assume a more or less realistic problem: Ny =10, N =10

@ Exact diagonalization would take ~ 108 billion years to
complete

@ Problem not even in NP (!)
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DMRG Basics: Wilson’s RG
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DMRG Basics
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Syaen] environment

@ Algorithm: “Density Matrix Renormalization Group” [White,
PRL '92 and PRB '92]
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DMRG Basics

LOOCOO0]| @ O [OS00O0

syaen] environment

@ Algorithm: “Density Matrix Renormalization Group” [White,
PRL '92 and PRB '92]

@ Discard (an exponential number of) states. Keep m states
in Hibert space at all times.
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DMRG Basics

LOOCOO0]| @ O [OS00O0

Syaen] environment

@ Algorithm: “Density Matrix Renormalization Group” [White,
PRL '92 and PRB '92]

@ Discard (an exponential number of) states. Keep m states
in Hibert space at all times.

@ Controlled error, exponentially decaying with m for most 1D
systems.
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Why does the DMRG work...
...when it does, and doesn’t when it doesn’t?

consider these

How fast?

(ranking) ©

drop these

states

system

B
environ.
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Why does the DMRG work...
...when it does, and doesn’t when it doesn’t?

consider these

How fast? A B .
system environ. y

(ranking) ©

drop these

states o

How much entanglement between A and B?

A: Roughly equal to the area between A and B.
1D: Entropy — S ~ 1 — complexity = exp® = const.
2D: Entropy — S ~ L, — complexity = exptr = exponential

You: Hey! You're handwaving!
Me: OK, OK, see: [J. Eisert et al., Rev. Mod. Phys., 2010]
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DMRG: Idea and Applications

Applications of the DMRG

@ Spin systems (quantum Heisenberg model, etc.)
@ Fermionic systems (Hubbard, t-J, etc.)

@ Quantum chemistry,
[White and Martin, J. Chem. Phys. 1999]
. @ Polymers, [LetPetit and Pastor, PRB 1997]
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DMRG: Idea and Applications

DMRG vs. QMC

Item DMRG QMmC
Complexity Pol. in 1D, Exp. in 2D | Pol., Exp. if SP4
Real time and freq. | Yes No

Finite temperature | Maybe Yes

Active Research Yes Yes

aSP stands for Sign Problem
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DMRG Topics

@ Time
@ Temperature
@ Dynamics
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Time Evolution

@ Problem: To compute things like this:
(¢l Ag 2 (0)A1.n(1) "+ Aa—t.n(a—1)€ T |@) With
1) = Bo—1,7x/(b—1) " * B1,7(1)Bo,x(0) [¥0)
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Time Evolution

@ Problem: To compute things like this:
(¢l Ag 2 (0)A1.n(1) "+ Aa—t.n(a—1)€ T |@) With
1) = Bo—1,7x/(b—1) " * B1,7(1)Bo,x(0) [¥0)
@ Solution: To target multiple states, like exp(iHt) - - - |¢)
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Time Evolution

@ Problem: To compute things like this:
<¢|ethAo 2(0)A (1) Aact m(a—1)e T |¢) with
|9) = Bp—1,7(b—1) " B1 (1) Bo,w(0)[¥0)
@ Solution: To target multiple states, like exp(iHt) - - - |¢)

Time propagation of an electronic excitation

left lead right lead

<0 - oooo@@@@@@oooo

150 0000@OQDR® 0000-
-~-0006\Q@@@@@\oooo---

[From L.G.G.V. Dias Da Silva et al., PRB 2010]
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Time Evolution: Accuracy
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[Alvarez et al, http://arxiv.org/abs/1103.5391]
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Temperature Dependence
Dynamics

Time Evolution: Mott Insulators for Solar Cells?

Our theory work:

Past:[Dias Da Silva, PRB 2010]

12
o

(b) 2

Present: Layered geometries

See [E. Manousakis, PRB 2010]
for a review and references therein
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Temperature T =1/

@ Problem: At T >0
mixing of states leads to
entanglement. Z =

>_eexp(—pE)|E)(E|
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Temperature T =1/p

@ Problem: At T >0
mixing of states leads to
entanglement. Z =
>_eexp(—BE)|E)(E|

@ Old solution: Purify

states...too costly [todo:
Add reference here]
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Temperature T =1/

@ Problem: At T >0
mixing of states leads to
entanglement. Z =
> exp(—BE)|E){E]|

@ Old solution: Purify
states...too costly [todo:
Add reference here]

@ New Solution: Minimally
entangled typical
thermal states (METTS)
[S. R. White, PRL 2009]

Classical state

00000000

y

Quantum
measurement
of spins

Thermalize

ooz
—

Minimally entangled
typical thermal state

v

Thermal ensemble

[U. Schollwéck, Physics 2, 39
(2009)]
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DMRG Topics

Application: Iron Pnictides Superconductors

Why Fe-based superconductors?

Because spin flipping terms in Hamiltonian make it difficult for
quantum Monte Carlo

QA RAA QO
; JJIT VI L
N 00000
W W QO AL P
PRSP EN
06 0F0 90 d VI Ve X <y
Q0 00 @
PPN QRAA RO
W JYVYDH AR

LaOFeAs BaFe,As, FeSe

[from M. Johannes, Physics 2008]
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Application: Iron Pnictides Superconductors

Why Fe-based superconductors?

Because spin flipping terms in Hamiltonian make it difficult for
quantum Monte Carlo
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>4 . : 1 GO2x12
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sogeve o VI Yo UUKRK!} ml | & :
Q0 00 9 5r ’r”o NS 1
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0
1 1.5 [2) 2.5 3
from M. Johannes, Physics 2008 . .
[ y ] [from CNMS user project, Xavier et
al., PRB 2010]
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@ Time
@ Temperature
@ Dynamics
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DMRG Topics

Emergence: Electronic Inhomogeneities in Cuprates

@ Spin and charge stripes, [Tranquada et al., '95; Mook et al., 00]
@ Checkerboard charge modulations, R
[Hanaguri, Davis et al., '04]

@ Random superconducting gap modulations,
[Lang, Davis eta l., '02; Gomes, Yazdani et al., '07]
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Emergence Caution: Philosophy ahead

gar. %
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Dynamics

Emergence: Tigers are real?

An emerging object

@ Independent reality
instead

2[From D. Wallace, Decoherence and Ontology, in Saunders, Barrett, Kent,
and Wallace (ed.), Many Worlds? Everett, Quantum Theory, and Reality,
Oxford University Press, Oxford, 2010]
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Our Interests and Future Research

@ DMRG: Time: http://arxiv.org/abs/1103.5391

@ DMRG: Temperature
http://physics.aps.org/articles/v2/39

@ DMRG: Dynamics DMRG as an cluster solver
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Thanks to: The DOE Early Career Research Program, and the
Office of Science at DOE
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