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Outline

Lecturelll:  CollectivePhenomend QuantumPhaseTransitions

@ Introduction
o Peierlsinstability
o Peierls-Mott competition
o Metal insulata transition
o Luttinger liquid characterisation
o CDW characterisation
« Phasediagram of the spinlessfermion Holstein model
o Phonon softening
o Peierls-insulato Mott-insulator transition
o Ground-state properties
Charge & spin structure factors
Phonon distribution function
Symmetry considerations
« Excitations
Photoemission
Optical response
Spin & charge excitation gaps
o Intrinsic localisedmodes

related publications; http://theorie2.physik.uni-greifswald.de
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Peierls inst ability

o E®ectof electron-phonorcouplingin low-D systems?

;  structural distortions at commensurateband Tlings n,
famousexample,Peierlsinstability:

r (E)

EP drivenmetal insulata transition!

related: Kohn anomaly phononsoftening
w(a) :

a)
¢(0)

Wo

strong
screening
i

Ke 2ke ¢

Especiallyimportant in 1D!
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Peierls Mott transition

o E®ectof Coulombinteraction?

ground state:
— metal
t
4 U LI
insulator

excitations?
electron-holepairs quantum phasetransitions massive? but gapless'
1 QP behaviour! ( ??) ! spin-chage sepaation!

1 quasi-1Dmaterials: wide variety of broken-symmetryground states
& (partially) exotic excitations!
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Part |: Metal-Insulato Transition

(Luttinger liquid vs charge-densig-wave behaviour)

simplestmodel: 1D spinlessfermion Holsteinmodel at half-Tling
X X X
H=-t Cinj - g (b?’ + bj)n; + biybi
hi ji i i

N sites,N electronswith n = N.=N = 0.5, dispersionlesphonons,T = 0

parameters:g® = ", = o;, = ",=2t,and @ = | =t

B

\known" results:
o , %: quantum phasetransition from a metallic (LL) to an insulating (Peierls
distarted) phase;RG, QMC, GFMC,ED, DMRG,...; phasebounday,
but signi cant discrepancie# the adiabaticintermediatecouplingregime!
° I 0:,c.! O
@ strong-couplinganti-adiabaticregime; exactly solvableXXZ model:
Kosterlitz -Thoulessphasetransition
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Luttinger

o Chaacterisationof Luttinger liquids?

Holsteinmodel - gaplessfor small couplings;

liquid parameters

Tomonaga-Luttinger

universaliy class[HaldanelLL conjecture(PRL 45, 1358 (1980))]:

n(k), 4! ), G(x), A 1, .-

1,. ..® Kl/z, U,

interaction (sti®ness)constantand charge velccity
o 9 scalingrelations!

(confarmal "eld theary - A2eck, Cardy, Nomura, Okamoto, Voit,. ..)

EO(N) Yauy, 1

"(1) - S A Nl

o1)- =y 32 N2
(§1) _ Uy, 11
N)- Eo(N Yt
EFON) - BalN) = %

Densily Matrix Renamalisation Group:
systemswith N=128 ...512 accessible

1 determinationof (non-universal)Ky, & Ul

Holger Fehske

Numerical Stud y of Holstein Polar ons

/ ground-stateenergy

| chage excitationgap

system block

LL vs CDW

environment
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Finite-size scaling

o E®ectsof EP coupling?

0.4 \
| =8 ’=0.6 (DMRG) w,/t=0.1 |
+ ¢°=0.6 (ED)
0.3 @@ ¢’-1.1 (DMRG) A

44 ¢*=2.0 (DMRG)
H X ¢’=2.0 (ED)

N2
0.000 0.005 0.010 0.015 —
T

D) [
o
T

LL

0.00

1N

)} scalingrelationsare still ful'lled almostperfectly {
(but, of course,they break down at large g?)
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Finite-size scaling

o Extraction of LL parameters:

B8 ¢"=0.6 (DMRG) w,/t=0.1
+ =06 (ED)

0.3 ®-@ ¢’=1.1 (DMRG)|

4-¢ ¢*=2.0 (DMRG)|

4 Ky, Uy,=2 Ky, U,=2

X g’=2.0 (ED)

Zot 06 1031 »1 »1 0617
20 1.055 0.995 0.949 0.146
40 1.091 0.963 0.651 0.028

> 1 <1

! attractive interaction & weak uy,-renamalisation
repulsiveinteraction & strong uy.-renamalisatior
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Char ge density wave formation

1 X . .
o Chage structure factor at ¥4 |S: (%) = NZ C D'ANi - (i - 3)i
i

0.07———+1 T T T T T
0.06 Wy/t=0.1 - - @o—o—o——o0 wjt=10 70.25
0.05— 1 r @@ ¢-12(PeC)|
L LL 1L CDW —+ *=12(0B0) |
B =20 (PEC)
= 0.04 -1 r — d=0080)| ] =
~ r 1 —0.20—,
O O
? 0.03- 4t 1 ¢
[ B ™06 (DMRG), 1T 1
0.02- + gosen) [1 [ g Wyt=0.1 4
L @@ =11 0vRrRG)|| | m“i?.j./. 4
L +—¢ ¢=20(OMRG)| | | _
0.01 X ¢=20(D) 0.15
ooob—+— Lo v Ly | coon b b by

0.04 0.08 0.12 0.00 0.05 010 015 0.20
1/N 1IN

no LRO LRO

| existenceof a Peierls-COW phaseabove g, (®)!
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Gr ound-st ate phase diagram

: 10.0 w v
attractive Bl i
LL
w,=0.1
o1
9 .
F L I_:’elerls
- g distorted
T state
mt.“
repulsive i
LL 0.1 ED vs. XXZ
0.0 . 3.0 4.0
¢}
metallic behaviour activated transport
Lll/z7 Kl/z %eg (' )
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Photoemission spectra

o Injection/emissionof electrons?(c;,, = ¢y, - IPE; Ciy, = Cys, - PE; %™ )

P ~ ~
AE%(! )= . ]MSnN el 8 DjCE%jAéN el )ijzi[! - (EEnN o 81) _ EéN el ))]

2 weak coupling:

2r j j " T T T ]
r k=0 1
1;————1L ‘ E
5
F . K=+p/4 ]
i 1 3
B o i ! ! L

gmg, [ B T T T T

< K=spi2

[ ! b

B S T 1
L T
" I o metal
e e LI N N
E Neg M=12 ‘ ‘ ‘ K=l‘j ] ° QP peak
o i ] o phononsatellites
P S K H— ! ! ] I

3 2 1 T 2 3

0
wit
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Photoemission spectra 11

2 critical coupling:

2r I \ ]
b | K0 1 o gapfeatureemerges
8: LA JJ! L0 o 4 3 o redistributionof QP weight
T ii T T T T T as] o phononabsaption bands
e i 1
c izt b
27 | \'FL.NW*\‘ S VO R EUU U R R
ST T T ‘ ‘ ‘ ] weak coupling:
<aF E G
O 1
g Lo 1 | —
Y — — 3
F K=+3p/4 - R
1 ) ' T ke
: 1 | :
L b ‘ Moo 1 4 & 1| |
3 —— — T
[ N=8 M=28 K=p ]
1f e,t=0.60 ] b KJ
F /t=0.1 ] )
ok ot ] VT L1 IR |
3 2 1 0 1 2 3 W
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Photoemission spectra |11

2 strong coupling: nite gap; CDW insulata

°r N k coupling:
I3 o W(?Ea ‘co‘up‘ln‘gg
r | » ‘ ] ’E’T"]ﬂ b i
8, — T T T ] E T i
r K=tp/4 ?E T e i
E———— E B
s 2: p— — i APE— i
‘3 : E Eﬁi; —t LJ'—i
g 1: _______ wit
+<$2 g :
i
3
ok
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Phonon spectra - adiabatic case |

o Renamalisationof phonondispersion? ‘DQ(! )= 2! o hixg;x. qii ‘

(with x; =

(Y +b)=" 25, Bo(l)=- 2imDo( ))
2 weak coupling:

Or— T T L L B
‘ | =0.05
a=04
NC=8(CPT)
z
3
m
2 e(Q)' o
/) o K = 0\electron" state -
P 0 02 04 06 O‘.8 i 1‘.2 1‘.4 phononadmIXture
w/t
Holger Fehske
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Phonon spectra - adiabatic case ||

2 I critical coupling:

0 o zonebounday phonon
becomessoft
o redistribution of phonon
spectral weight
= weak coupling:
\-6’ 0 T T 1 T T T =\ T
o azos
N, =8 (CPT)
B
|
|
P |

0 02 04 06 08 1 12 14
w/t
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Phonon spectra - adiabatic case Il

2 strong coupling: CDW insulata

0 weak coupling:
i ' } ' ' ‘\:0‘.05‘
a=04
N, =8(CPT)

30
oo critical coupling:
j ‘ ‘ ‘ ‘I:‘O.?‘
a=04
N.=8

p“\‘\‘!‘\‘\“‘
0O 02 04 06 08 1 12 14
w/t

o doublingof Brillouin zone
@ phononhardeningsetsin
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Phonon spectra - anti-adiaba tic case

weak coupling strong coupling
0 T T T T 0 T T T
l=1-4=05 l=8- §=4
=4 N,=8 a=4 N, =4
o o
m m
% Mé
—— ——— ———
- — ———
S==—==-———- ———
P 0 1 2 ER— 5 6 PI 0 1 2 ER— 5 6
w/t w/t
o signatureof polaron banddispersion e almostperfect doubling
@ precurso of softening? o dispersionlessignatureat ! ¢

Hohenadler,Alvermann, HF: in prepaation (2005)
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Schematic phase diagram

attractive repulsive
[Ke>1 U /2 ~1] Liquid [K, <1,ur /2<<1]

adiabatic
dneqelpenue

= Ny @
'

. band Peierls polaronl.c
insulator Insulator superlattice

- HF, Holicki, Wei%se:Adv. Solid State Physics,40 , 235 (2000)
- Sykora, HAbsch, Becker, Wellein, HF: Phys. Rev. B 71, 045112 (2005)
- HF, Wellein, Hager, Wei%e Becker, Bishop: PhysicaB 359-361,699 (2005)
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Part Il: Insulato-Insulata Transition
(Peierlsvs Mott)

simplestmodel: 1D Holstein Hubbad model at half-Tling

X X X X
H= 2ing-t ChCiw- O (bY + bi)njy, + blbi +U  ni-nig
% i ji % % i i

N sites,Ng» = Nes = N=2 electrons,i.e. n = 1, dispersionlesphonons,T = 0

paameters:g®> = ", = ;. = "p,=2t, ®= 1 ;=t, andu = U=4t
paameters p p

Hardly any exactresults!
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Char ge & Spin str ucture factors

o Suppessionof CDW by Hubbad interaction?

1 : .
o Increaseof SDW? & = 1(nj» - nijy) |S(¥) = Nz C DRSS

1.0

: : :
odo :
. [ | ;' ]
~_ 0.08 . B
0.8~ ﬂ\ r e 1
\ﬂ o 006~ r 5
[ \ " 0,04 ! El
N L 1 i
o N 0.02- o =47
o e |
P !\ 00(6“ =% ]
\ 700 05 10 15 20
0.4~ \ ul -
2 \
L g=2 y ZHBED |
\ ® DMRG (m=600
0.2~ a=1 \ ( ) =
\ (N=8)
L \ 4
[ S
o ‘ ! ‘ ! F--e--p--_ g
%0 05 1.0 15 2.0
ufl

Yes! Finite-sizee®ects?
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CDW-SD W transition

o Phasetransition?N! 1! ; DMRG nite-size scalingnecessgy

>u <u
T 0. T T T
0.8— —
oee 0o o °©
0.6 —
2 1o10’f !
% o o0 B
04 un =05 5010 17
2= 2510° —
0.2 9 =2 L Il i
- aog o5 o
N
, | ,
0.05 0.. 0.15 0.2
N
critical ratio u=,
0. T T T T T
o
| S i
% ®-®DMRG g=2
ED = a=1
oo e i
=
o o1 e—eowmRG
ood- - i
mmDus -
oo p )
o SDW : no LRO
o
(N=128) | L L L L
G T eT om0z om
Nl

Holger Fehske Numerical Stud y of Holstein Polar ons Peierls vs Mott Varenna - June 27, 2005 21/ 31



Phonon distribution

o Phonon\contribution" to the groundstate?

1. ""I""I""I"'u:'1.I5""—_
1 =0.35 i
T a=0.1 b .
© . @ MI: basicallyzero-phonon
] state
sLlllss——————— (besidesQ = 0 mode)
u=0.325 ]
N 1=0.35 1
E: a=0.1 a
] @ QCP:increasingweight
$$??$????$$??$f$??; of multi-phononstates
Bl (u=0.175, | =0.35,a=0.1)
N =1 BPI (u=0.75, | =1.5,a=1.5)
E2 _
- 1 @ PI: Poisson-lile distribution
PRI T S T T A T T |
0. 5 10 15 20 25 of phonons
m
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Photoemission spectra

o Single-paticle excitations?

Mott insulatingregime u=, > 1 Mott-to-P eierlstransition u=, ' 1
Py = T T T R 2 \ T T 3
E ‘ (SN 3 K=0 ]
1= B == B!
o1 iy NI R wL_,_Ls-q-—: okt LW\M\ P B B -
T T T T T T I ] e
s 1; | K:ip/4é 1:“&’”[ K=2p/4 E
.foi ol L \‘ | |' : ] FL P ]
5},{25 I L LY | I N I B B o T T T I —
< I K=tpi2 ] £ ]
. :— Mi ‘ 4 2 1F ]

Ay W),
N
T
L -
L =
0
i
L &
2
L&

L B B NN ) AL R
K=p
| TR B | | | L1
-2 0 2 4 6 8 10
w
@ Mott-Hubbard correlation gap » @ gaplessspin & charge excitations
optical gap @ band width . 4t, broad (I)PE spectra

@ band renamalisation, phononsatellites o yniform distribution of spectral weight

@ \breather-like" excitations
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Photoemission spectra 11

o CDW regime?

2T T T T T T4
[ K=0 1
L -
0: L ‘AAMEAA»M‘ L e b= o=
e
g
B
2
l?15 = -10 -5 0 ;
w
@ dispersion/ 2 + gap feature @ low-weight dispersionlessand
@ phonon softening: ° ——&-f_ﬁ% + ordering
I \normal" Peierlsband insulator | polaronic superlattice
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Optical response

o Signaturesof the PI-MI QPT in the optical conductivity?

EP coupling xed (, = 1, ®= 1) { increasingHubbad interaction

2.0 T T ‘ T T T ‘

15
o L
2 1.0
n

0.5

0.0

15

g 10
[%2]

05

0.0

15
o
2 1.0
%

0.5

0.0
wit

o (u=,)c; opticalgap¢op = 0, metal!? Drude-veight ill-de ned!
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o Proof of spin-chage sepaation? ;

Holger

Many-bod y excit ation gaps

DMRG nite-size scalingof

Ng +1 Ng - 1 N
chagegap:|¢c = Eg * " (5) + E{** " V(- §)- 260" )(0)
H . —_ (N el ) - (N el ) H H H H |
spingap: |¢s=Ey ©’(1)- Ey ®’(0) | (both including lattice relaxation!)
-(ull =429 p | ~QCP (ul=0.93) - (u =0.5)
/
06 // Toeons) ,T ooDb/0FEs0) ]
// =8 Db, ,IF =8 D
05F /' 2+ e D, (OBC)/, + e-e D/10(0BC) 1
‘/ 1:/* =-a D ///// = -a D
» 0.4 /e/// -+ /// -+ -
[a) QF./ ® o
:J ,/’/ ’// ,I/// —:*
0 osr 8% T W e =7 %7
/II/ ///‘
0.2 4’ 4 R _
©© D, (PBC) ¢ o
=8 b e
01 - D, (0BC) T %[ ;E"’ .
=-a D ====
0....I....I.......I....I.....,./..I....I...
0 005 01 0 005 01 0 005 01
1/N 1/N 1/N

Fehske Numerical

Stud y of Holstein

Polar ons

Peierls vs Mott

Varenna

©
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QPT - symmetr y considera tions

o (u=,)¢ { levelcrossing® symmetrychange?

- HHM - invariant with respect to inversionat site i
inversionsymmetry(parity) operata: | Pci5fY = cn.i%|(i=0,1,...,N- 1)

- Hubbad model on "nite lattices (N = 4L; PBC):
P=1forU=0&P=-18U>0

- HolsteinHubbad model: %49 points parity changeout!
jAoi by ED; P=1 for U < U.!

physicalpicture:

0,0, |l

parity

charge

_ t )
Dopt=0 /" separatiol
o l © épin

QPT U
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Schematic phase diagram

&=
N
-

NI

HF, Wellein, Hager, Weivse Bishop: Phys. Rev. B 69, 165115(2004),. ..
Experimentalrelevance? quasi-1DMX solids(M =Pt,Pd,Ni - X=CI,Br,l) !
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Adiaba tic limit

o \Frozenphonons"(! = 0)? |Hi.uy -

schematicphasediagram:

energy gaps

Maybe two (continuous)transitionsat weak EP couplings!?

HF, Kampf, Selania, Wellein, Eur. Phys. Jour. B 31, 11 (2003),...
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Intrinsic  localised vibra tional modes

Pt-Cl MX-chain: CDW Peierls-Hubbed maodel IVCT gap' 2.4eV
o i EP-coupling & W[
Mo M My M oY n e n -o—@—o—0- 1
AR TR LRI el
R R non-linea dynamics! 4 L
resonanceaman spectra JADA diagonalisation ; redshiftof overtones
Py ()
o = ”'R!#R
2 0.4 0.4
3 11 11
4 2.4 25 ©
5 4.6 4.7
6 7.7 7.5
7 11.6 11.2

Swansonet al. PRL 82,3288 HF et al PRB 63, 245121
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Strongly correlated electron-phonorsystems
;. remakablevariety of
interestingphysicalphenomena& thearetical problems

) greatchallenge!

o numericalstudy of simpli"ed (but generic)model Hamiltonianson "nite
lattices ! powerful tool to addresshis "eld

o groundstate and spectral properties of the 1D Holstein (Hubbard) model are
understad to a large extent, but

o what about 0 < n < 1 (including the spin degreesf freedom),D > 1,
T>0,...7

Thereis still a lot of work to be done!
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