Order and Transport In Complex Quantum Systems:

Komplexe

=+ Z weakly interacting parts

. high-T. cuprates, CMR manganites, heavy fermion materials, . . .
. novel semiconductors, ..., complex plasmas, . ..
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Preface

How to proceed?

“microscopic” approach

Hamiltonian

reliable theory

and numerics
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Indication of ingredients

» Minimal models? ... Holstein-Hubbard Hamiltonian:

H = Z Nig — cwcjg + anTnzl — z:(b,:r + b )nis + Zblbi

(,3) io

Problem: not solvable even in 1D (also not for just one e~ oratn = 1)!

Approximations? Bad luck! “Standard” many-body techniques fail in most

interesting cases... ®
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Outline

Way out? Exact numerical study of finite systems ( + finite-size scaling... )!

|. Sketch of selective numerical approaches

ll. Anderson localisation lll. Quantum phase transitions in 1D
& quantum percolation Luttinger liquids
Disordered electron systems Peierls & Mott insulators
I\V. Charge-spin-orbital-lattice V. Bound state formation
coupling effects & Wigner crystallisation
CMR manganites Electon-hole plasmas

Focus: Interplay of order & transport phenomena!
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|. 1. Exact treatment of finite quantum systems

4N (Hubbard)
— 3N (t-J-model)
n=1 — 2% (Heisenberg)
D, =oc even for 1e~ = truncation of H (~ M)!?

v =T o5l ek} - |ﬁ>=z§aﬁp|p> (Dy < D)

2

(x1—Tr{apa™})w.r. t. a (density matrix algorithm)

minimize Hw) — |¥)

— Eigenvalue problem of large sparse Hermitian matrices

Ground-state properties:
e Lanczos method: H” — T+, (L < D), D <101, Ey, |[1o)
e cobi vidson algorithm:~,, . [,), n <30, D <107, N =8...36
e ensity atrix enormalisation roup:
N =128...512

system block environment
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. 2. KPM & MEM

Spectral properties / dynamics at T=0:

1

OF
w—H+EO+177

AC(w) = _ lim <¢0

™ n—0

o’ w0> = 5" |9 [Olbo) 28— (B, — Eo)]

K P \Y = \%

Expansion of §|. ..] — series of Chebyshev polynomials 7, (z):

) = ——— <u69 r2 Y uﬁw))

m=1

1
Determination of moments: ;8 = [ dx T, (2)AC(x) = (1| OTT;, (X)Ol1bg) -
—1

by iterative MVM, where X = (H —b)/a,l.e. B, € [—1,1] and M < cc.

Reconstruction of A® () from M moments (FFT) via linear approximation
(KPM) or nonlinear optimization (MEM).
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l. 3. Kernel polynomials & Gibbs osclillations ™

Problem: M finite
~» truncation errors!

\/ Solution: damping factors,
e.g., Jackson or Lorentz kernels

Advantages of KPM:

uniform reconstruction high-resolution CPU-time (x M D)
of spectra — gap features applications “trace” — average over |r)

Recent improvements:

e generalisation to multivariate case ~ finite-temperature (dynamical) correlation
functions

e combination with other techniques ( Cluster Perturbation Theory (N — ), ...)

Weil3e, Alvermann, Schubert, Wellein, Fehske (review (RMP?) — many applications)
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II.1. Anderson transition

<>
(DM all states are localised VW > 0
N dens.lt.y of states
}AI - ata " AT X i » conductivity
= € jC] Ck C1.Cj mobility edge

localised states

p(ej) = i v/ (K — |€j|) point spectrum extended states

continuous spectrum

Problem: Calculating quantities which characterise the localisation transition,

Y(r)| ce™™*  oge x TIOIM{G}oIM{G}] , Pyt —o0)x|GE? ...
IS an extremely difficult task, especially in the presence of interactions!

All simple attempts give diffusion!
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I1.2. Local distribution approach :

Most mean values, e.g. (DOS), contain almost no information about AT!

N
How to proceed? LDOS: p; = 3 [thn(r:)|?0(E — En)
‘ n=1
s - e obtained efficiently by KPM
distribution <9 8 -~
functions | | £t il e random sample generation ~ p(p;)

e distribution p(p;) critical at AT

Characterisation of the distribution?

arithmetic mean p,, = (p;) inappropriate
geometric mean suitable

samples sites
(typical values: K, x K¢ = 10* x 100)
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11.3. Mean & Typical DOS

Anderson transition
py(E) — 0for W — W,
typical DOS ~» “order parameter” !

Influence of electron-phonon coupling Correlated disorder F((e;€;)) o< k—°

HEP = guwy Z<b§ - (BL - AAT) (transport in biological molecules)

mobility edge
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I1.4. Quantum percolation
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classically: guantum-mechanically:

e percolation = geometric problem e tunneling effects ~ p, < p.

e p < p.: onlyfinite clusters e localisation effects ~ p, > p.

e p>p.: dinfinite cluster A — Spanning cluster does not guarantee
transport!

o

o3 o0

site percolation:
p(€i) =po(ei—€a)+(1—p)d(e;—e€p)
imit: ep — €4 — 00 N ~ 68000, PBC, M =215, K, x K,

= 32 X 32
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11.5. Amplitudes of wave functions

..
=)

p =045 > p,,

107%< |y| <107°

10°°< |y| <107*
©o107%< |yl <107
W 107 < |y| < 0.005
W 0.005< |y| <0.01
B 0.0l < |y| <0.05
B 005<|y| <0.1
H 01 < |y
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1I.6. Nature of states "

ly| <1071
107 %< |y| <107
10%< |y| <107*
107%< |y| <1073

| ® 107 < |y| <0.005
| W 0.005< |y| <0.01
7 m 001 < |yl <005
B 005< |yl <0.1
B 01 < |y

localised

p=0.33 2 p., N =213, PBC,
restriction to A, ED N = 100° (50%), for p < 0.5 (p > 0.5),

PBC, M =214 K. x K, =32 x 32
® Dy > De

e fragmentation of spectrum into extended & localised states

e anomalous localised states within band (band centre!)

Surprisingly rich physics!
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I.1. Low-D strongly correlated e-ph systems *

guasi-1D materials — very susceptible to structural distortions
commensurate band fillings — symmetry broken ground states

n = 1 - famous example : /

general scenario: metal

lectron-hol i Mott charge - massive
electron-hole pairs :
: ELE el spin - gapless

Quantum phase transitions at 7' =0 ?
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I11.2. Luttinger liquid vs. CDW behaviour =

» 1D : Fermi liquid picture breaks down! ~ Spinless fermion Holstein model

— scaling relations

e0(00) — Eo( ) _mup 1 charge structure factor:

N
Ae( )= Eg ()= Bo( =75 ——

—alenltllElsEl LL parameters:

charge velocity  , interaction exponent

B8 ¢°=06 (DMRG)

+ ¢’=06(ED)
@@ g’=1.1 (DMRG)
— ¢’=2.0 (DMRG)
X ¢’=2.0(ED)
NZ

0005 0010 0015 B =06 (DMRG)
+ o-06(ED)
@@ -1.1(DMRG)
— ¢’=20(DMRG)
X ¢’=20(ED)

012 000 005 010 015 020

LRO
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111.3. Ground-state phase diagram :

» Latlice dynamical effects — charge density wave formation above ¢.(w)!

attractive
LL

Peierls

distorted
state

repulsive

LL

metallic behaviour activated transport

2
Up, o (w) Zl ¢0\J\¢g | 5(w— Em +Ep)

0
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Il.4. Band insulator vs. Polaronic superlattice *

» strong regime — Holstein Hubbard model (half filling)
» (inverse) photoemission spectra:
N+ N, Neg £ Ne
A (W) = 3 (e =V e lug™ ) 20l w F (B Y — EgY))]

3
(=]
™
<
3
(=]
+ X
<

NO kb NO | NO |, NO - N

“traditional” Pelerls band insulator self-trapping + ordering

dispersion « ¢, + gap feature dispersionsless band, low spectral weight
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111.5. Intrinsic localised vibrational modes :

MX-chains: strong COW  pegijaris-Hubbard model =~ [Pt(en)s][Pt(en)sClo](Cl04).

Az
2 /
> —— O
+
Az
o
T\ZA('{

L
-
L

O —
O —

|

\
Py
\

L "
e nwé ) wé )
2132 2152 | 2172 I|lﬂ T’)’L = ( 1)
Wy
1820 1840 1860 || 1880
g 1508 1528 n T’)e'[,xp ry;j]eo
2 — 2 0.4 04
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i A — 3|11 | 11
884 904 924 4 2 . 4 2 . 5
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B mmmm il I I
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111.6. Peierls insulator vs. Mott insulator

Inclusion of Coulomb repulsion ? @WA=4.29) p 1 ~QCP (WA=093) (uN=0.5)
G © A, (PBC) G © AJ10 (PBC)
e many-body excitation gaps: . e tesom L T2 oo

A, = EéNel+1)(%)_i_E(()Nel_1>(_%) _2E(()Nel)(0>

e charge - & spin structure factors 2F o a @eo)

= A
o o A (OBC)

guantum phase transition!

Mott Insulator

==

SDW : no LRO
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IV.1. What is interesting about manganites? "

> 4}1{7
3
(R=La, Pr,Nd; A=Ca, Sr,Ba) [R¥*"Mn>", AZ"*Mn*"] O\

4

structural

Qo

e rich electronic, magnetic
phase diagram

e colossal negative magnetoresistance
near 7.

e enormous technological potential
(sensors, spin electronic, devices)

e Challenge for solid state theory:

e strong electron-phonon correlations

o Lo ~
0 50 100 150 200 250 300 350

Temperatur [K] e relevance of orbital degrees of freedom
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I\VV.2. Microscopic modelling

e electronic structure (U > 1) e Orbitals (anisotropic hopping)
» »
» »
L)
WY 29 Qg’\
]
e ferromagnetic double exchange (J, > 1) e phonons (JT & breathing)

Weilie, Fehske, New. J. Phys. (Focus Review), 6, 158 (2004)
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IV.3. Effective low energy Hamiltonian

H =Y Rsl + )+

¢
_ f f t
! (“M“jn T “m%‘,i) d; gn;,edjpnyj e +H.c.
— ¢2 SiS; —4 [(4U + Ju) PEFY + (U+ 2Jp) PEPS 42 S;S; +6 Ps P?
- 8 5UU 4 2Jp) U+ 2In)(U + £Jp) 10(U — 5Jp,)
o 2 8i8; =3 [ (U~ 2J0)(Ba(PEP}®) + Ry(PEF}®)) | (U + ) (Ba(PIF}?) + Ry(P)P}?))
L ] L In(2U — £Jp) 2 I, 2U — Jp)
T8 U +8Jy,/3 U+ 2J,
(2U + 3 Jn) (e (P7P)) + Ry (P7PY)) o~ 595 — 3 Pf Py + t2 g0 — 1 P*2p% 4 H
(U +4J3)(U + 5 J1) 32J, " T WA

= QZ [(nz’,e - ni,@)(bz,e +b;0) + (dl,edi,s + dl,edi,e)(bj,s + bi,s):|

+§Z(ni,9+ni, 277,1 0", s)(bz , a1 +bz a1)+wz |:bJr0 10+bzs ze} —|—w2bz ai zal
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IV.4. Short-range correlations

exact cluster calculations — correlation functions — SRO patterns
(U — 6eV, JH = 0.7eV, t = 3t = 0.4eV, Wwo = Wy = 0.07eV, g/wo = 0.5 ... 3)

< { A /{ / A
A X A WA
L/ 2 & / A

N
N

EP interaction — orbital order — spin order — transport
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IV.5. Percolative mixed-phase description

» EXp.: spatial coexistence of conducting and A =0.0001
insulating regions both above and below 77, SE o=

» Theory: phase separation approaches, ... ?

p [arb. units]

Two-phase scenario
with percolative characteristics!

() = () — e

polaronic insulating component

p(p) - Ba;A(p) PS exp(_ﬁep)

‘0
=
c
5
o]
S
S,
Q

ps = ps|S, z, Bs(z), coth[S, 2] |

500 600 700 800
T[K]
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V.1. Two-component Coulomb systems

Motivation: pressure-driven semiconductor — excitonic insulator — semimetal

TEMPERATURE (K)

RESISTIVITY (Ohm cm)

N

=

transition in Tm[Te,Se] alloy systems

PRESSURE (kbar)

15141312 11 10 9 8 7 6 5
TMSe, ;7€ 55
intermediate seml Q

conductor

excitonic
insulator

20 40 60 80 100
ENERGY GAP AE (meV) S S

real substance: “unconventional” semiconductor

N (4f135d° = 4f12541)
e coupling to phonons
o (f-band)

— Mmp > M

0 2 4 6 8 10 12 14 16

PRESSURE (kbar) ~> Investigation of mass-asymmetric e “—hole plasmas
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V.2. Characterisation of complex plasmas ™

length scales: energy scales: coupling parameters:| |degeneracy:
From=d A | | o kpT , (K)qm o Er r— <<lff(>> N
€
apoc ——— | | (Uo) o 22 (U, o B re= = x~ (4)°
— X —_

v

‘non-trivial” physics for I' > 1; r, ~1; x; ~ 1; mg # my
—>

Path Integral Vionte Carlo:

Molecular Dynamics: I M
: : =T [ [exp{_Mk:BT ]
Newton equations of motion

(M>1~T][...] <1, Feynman)

— bound states <— collective phases < electron-hole plasmas
excitons excitonic insulator Mott transition
Bi-X, Cluster Wigner crystal? BEC?
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\V.4. “Wigner” (Coulomb) crystallisation ~ *

Snapshots of a dense electron-hole system with r, = 0.63 at ' = 0.096 E5 (e = 1):
mp/me =5 mp/me = 50 mp/me = 800

P B TRl

— Quantum “Wigner” crystals of holes

are predicted to form in semiconductors
with sufficiently flat valence bands

(mp/me)® ~ 80 (3D)

Classical hole—liquid
e—h

rer e .
bound : Quantum

states L~ e hole—liquid
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Summary

Complex interplay of order & transport phenomena

(metal < insulator < insulator transitions)

fragmentation of spectrum

spin-charge separation

phase coexistence

“Wigner” crystallisation

Numerical study of microscopic models — powerful tool!
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Quantum Monte Carlo method
Canonical ensemble

i Binary mixture of Ne electrons and Ni holes

*Partition function:

Z(Ne,N; .V, 8)=Q(Ne,N;, 3)/Ne!N;!
Q(Ne,N;,B)= Zj.dqdr&)(qrcrﬂJ/ e!Nj!

* N-particle density matrlx

p = exp(- ﬁH) :e)(p(—L AﬁH) .. xexp(- Aﬁlﬂ

—Y'—
n+l

,é:1/kT AB= B/(n+1)




Path Integral representation

electron

P,

parity
per utations
N

KJ? Idrﬁ) o .dr(n) X

pla.r.o.p)=

ASN 13

The;'gg[[r\:gave p(q,r, r(1) Aﬂ) (qlr(n),@(nn); Aﬂﬁ(ﬁ, TOJ)J

N-particle exchange Spin matrix
perator

\DelfPery
?S\NP\ HEO'?@




«Sign problem»

N ﬁ
Zp(quvo-;ﬂ): ‘13N,.-/13Ne st(qv[r]vﬂ)J
o i A =0 ]

;gq,[rlﬂ# C§

e

L

e

2 Sl=l
r (.; o ::Ié?l rt':s?l pclftilr? tial /
/ 0Ue(r1B)+Uf (qlrlB)

U(qlr}p)=U'(a)+ 2.

=)

. S
~exp{- AUV AN 1T [oho detyrss
e

n+1

Exchange
matrix \H ”’IH =
Yab S




Kelbg potential

Xap = ‘rab‘/ﬂ'ab Agp = Zﬂhzﬁ/ﬂab

/

{l—e_xi‘ +\/;xab[1_€}f(x“b)]}
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Forschungsgebiete :

Statistical DMFA

Unitary transformations

Polaron / Exciton

Self-trapping
Localization

L St I lated
Lattice dimerization e{ggﬁgncg;ﬁe?ni
A U

Kernel-polynomial Maxi
: aximum entropy
expansion method

Bosonization approach Slave-field techniques

Lanczos &

Jacobi—Davidson
diagonalization

Density matrix
renormalization
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