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Application of DMRG to 2D systems

Initial basis states
Unit cell

%

. Xn y o (X _Xn)2

X— Xn
JE ] HN( I )

Hy : Hermite polynomials

Py (M) =exp[1 E

/ One particle states are uniquely
/ specified by X, and N

Lx
1 X,: guiding center

Periodic boundary conditions
for both x and y directions

ky=2nn/L, =X, /12 Mapping on to effective 1D lattice model

N : Landau level index




Density matrix renormalization

©O000| 0000
| J

Ground state | W >=WYijli>]|]> Density matrix i =2.j Wi ¥ i

Norm <Y |¥W>=Trp

Eigenvalues of O

Ground state energy (Ne=10)

DMRG m=100 -3.239340
m=200 -3.239686

m=300 -3.239981

N m=400 -3.239993

v=1/2 Exact -3.239995




Ground state of quantum Hall systems

Type-ITI stripe

Stripe IT FQHE
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//// Fermi liquid

5 stripe IT 'Y Stripe T
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Bubble ‘

Wigner crystal
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Laughlin state
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Type-I stripe
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Fractional quantum Hall effect
R. Willett et al (1987)

Longitudinal
resistance

3/5 ,
4/7 )
5/11 l
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Stripe state

N=2 Landau level

v=3/7

4-stripes

() LL,=2.3
-12.32

1.6 1.2 08 04



Ground state of N=2 Landau level

Wigner crystal Two-electron bubble state Type | stripe state

Shibata and Yoshioka: Phys. Rev. Lett. 86 5755 (2001)



Stripe and bubble states

Wigner crystal 1/7
1/6
1/5

v=4 26 27
| magnetic field (T)

L A 28 Lilly et al.
6 magnetic field (T) (1999)

2-electron
bubble
I
0.1 0.2 0.3 0.4 0.5
A%Y

stripe |
Two-electron bubble state Type | stripe state

Hartree-Fock

I T A
0.1 : : 0.4 0.5
A

3-electron
bubble




Effective interaction in higher Landau levels

Potential energy generated by
the two electrons separated by AX

I 1
1 Pure Coulomb

*+— AX=5—*>°

1 I I I

N=1 - Vetr (X) + Vetf (AX—X) -

Rc . cyclotron radius

| R -
Re . 4

e® v — AX=5—">"




Entanglement entropy

S1
S2

S=1/2 2-Spin system

Wave function

Reduced density matrix

|V > = Z‘P8182 | S1>|S2>
5,5,
Po="T""

Wy . \PTT ‘P‘N —y
S182 ° lI{LT \I{N'

S1 is independent of S2 g ¥
] - Not correlated - 1 1 1 1 1 0
— > + >) = Y| /5 /5 = — A 1 0
s v 8 g 45 e
_ 1 2
=511 >®UT >+ 1>) V2
S1 depends on S2 p P!
- correlated - 0 1 o LYo -L) 1 0
, el
AU & IR IS IFER ] o
Singlet state —ﬁ 0 _E 0 E 0 0 2

(Pa)i = Z qu;\lji'j Sq
J

Tor|
Tor|

Entanglement entropy

=—Tr py In p,,

Sq=-In1=0

disentangled

J

So —2[ ln2] In2
2

entangled




Scaling of entanglement entropy

L SQ(L) =—1Ir Por) lan(L) J

1D system B g .
Q Q2 Q2
L

1D-XXZ model

Short range correlation

Sy ® const.

(L >> correlation length }‘;)

< J

Power law correlation : (1D critical system)

Samy ® %11’1L+S0

L — oo L

< J




Scaling of entanglement entropy

entanglement

Short range correlation (L >> §)

D-dimensional system

Arealaw  Sg ) o< L’

7"+ boundary size (length)

Topological order in 2D

Non-trivial
universal correction
Boundary term Topological term

Fractional quantum Hall state

\ v = 1/m Laughlin state : D = m!? j




Density matrix eigenvalues a.

Torus geometry

Fractional quantum Hall state v=1/3

1
» — Ne=8
o1 =« Ne=10 torus
OLi p— ma Ne=12
= Hl\.:‘.‘:‘h’:ﬁ\
0.01 = Ne : electron number
kﬂ Lx
)
0.001

- boundary
0.0001 |




Torus geometry

Pair correlation functions
v=1/3
Fractional quantum Hall state v =1/3 { |
.
e

Entanglement entropy

Ly/t=17.4 0
Ly/t=16.2

10 0 10
X/

Ly/{=15.0

Ly /t{=13.7
( boundary length )

Ly/t=12.3

L x

boundary

Lx/!



Entanglement entropy

Entanglement entropy SQ(L) - a—L _L
boundary term topological term

v =1/3 fractional quantum Hall state

SQ L
(L) 4
L: boundary length
2 v=1/m t
\ topological term OTus
. spherical : In m'/2
topological O torus : 2 In m'”2 ) -
entropy () ! 0 (
—> —In 312~ - O'SStorus ) ﬂ
T ~2In 312~ ~1.10
-2
0 10 20 30 40| L: boundary length

L /¢ : boundary length



topological
entropy ()

_y:§

% i

-2

Entanglement entropy

SQ(L)

Entanglement entropy
boundary term

Fractional quantum Hall state
v =1/3 sphere

topological term

‘spherical : In m!/2
torus : 2 In m!/2

(v=1/m)

AN

v =1/3 torus

—In3Y2~-0.55

—In 52 ~—-0.80
~2In 32~ -1.10

topological term

20 30
L /¢ : boundary length

L: boundary length

torus

L: boundary length
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f(x):sm{%x] DR TERE LS

N f(x)=sin?| Zx
IRIVF—RT—IV T L
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A. Gendiar, R. Krcmar, and T. Nishino, Prog. Theor. Phys. 122, 953 (2009); 123, 393 (2010).



ATr—IVEH (0= Sinz(% x)
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L

0
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Ak =22
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f (x) =sin?(Akx/2)
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T. Hikihara and T. Nishino, Phys. Rev. B 83, 060414(R) (2011)
H. Katsura, J. Phys. A 44, 252001 (2011)
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OBC SSD
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Shibata and Hotta: Phys. Rev. B 84 115116 (2011)
Hotta and Shibata: Phys. Rev. B 86 041108(R) (2012)
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S=1/2 Heisenberg spin ladder

~0.5780
E/L ™ 3,/3=1.0
H=0.0 |
~0.5781 -
0 1/L3 0.00003
E/L | J,/3=10
H=0.8
~0.590 |
b . .
0591 | Uy ;
0 1/L3 0.00003

0.1¢

3, /=
S=1/2 spin ladder
-~ /f A AN |
0.2 0.4 0.6 0.8 1.0
H

01 | L0

T 09 R

B p!
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X 160
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Nishimoto, Shibata and Hotta: Nature Communications 4 2287 (2013)
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a Up spin

Random Singlet Stripe Plaquette
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