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 Strong Coupling Phases extrapolated from
divergent RG-flows

* 1D test case: 2-Leg Ladder at -—-f“ illing
— d-RVB ( d- Mott)
» 2D: RG-flow with Saddle Points close to Er
— d-RVB forms at high energies
— d-Superconductor at low energies

Collaborators: Andreas Laeuchli, Univ. Paul Sabatier Toulouse
Carsten Honerkamp, MPI, Stuttgart

. cond-mat 0309567
- PRL ‘oy




High-Te Phae Dioaram

uee

RY R -UFP \ - Ferm¢ L:';,us'd
—— \ Wi Ferm' Suvfac

L SUF;WM .
.Dop v -2

See P W A nderson ‘Pl“nsfu B 200y

il Proise of unstable fdxd Fofwf'::[y,@
the Way T‘\iv\d; acfuut?% Avork




Introduction

ke +Ke
Succesful approach in one dimensional electron systems:

1. perturbative RG
2. bosonization of the low energy Hamiltonian
3. field-theoretical analysis of the bosonized theory

What can we do if bosonization is not possible,
as e.g. in two dimensional systems ?
— Numerical analysis of RG Hamiltonian




Fermions with an attractive interaction
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The half-filled two leg Hubbard ladder: RG-flow for initial U>0
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Jde
for generic repulsive interactions we flow

towards a fixed ray in the interaction space
= D-Mott phase (Lin, Balents, Fisher)

(dRVB)

Asymptotic flow:
1
g =85 =8,=8,=—8= ggé’
1
g2 =—8 =gg3, go=gl =0

with a logarithmic divergence:

gO
(A) = i
g:(A) log(A/A)
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1. Given the RG-Equations, integrate them
in order to obtain the asymptotic flow

2. Translate the asymptotic RG-couplings
to a Hamiltonian on a mesh in k-space.
(A =interaction strength parameter)

W W W W W

i = Z&‘(k)nka+/1 Z V(kpkzak) ck o-ck4, ‘ck a'ckl,
ki ks

3. Perform an Exact Diagonalizab'on of the resulting Hamiltonian for different
number of k-points (up to 16 k-points feasible)

LR A

Calculate gaps and correlation functions (dynamics possible as well)
_Perform finite size scaling

BTN




The half-filled two leg Hubbard ladder: Gaps in the D-Mott 3hase

(dRVD
Spin gap Two particlegap  Single particle gap
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25H ON=16 [ L upon extropolating
in 1/N,

o Bosonization predicts
equal gaps in each
channel [SO(8) symmetry].
This is approximately
fulfilled in our finite size
samples
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The half-filled two leg Hubbard ladder: D-Mott Orderparameters
dRyp

D-Mott Orderparameter Fluctuations

4
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The half-filled two leg ladder: 4 dominant phases

R T T S e e 0 B el
Lin, Balents, Fisher "98; Fjaerestad, Marston "01

In the half-filled two leg ladder there are four dominant phases at weak coupling:

Phases realized in the SO(5) SZH model

D-Mott v S-Mott
SRO SRO. -
d-SC s-SC
(n,n) s-SDW (n,x) CDW
U
Staggered Flux /
- d-CDW cbw
LRO 5 LRO
(n,m) d-CDW S b (n, %) COW
Symmetry broken phase diagram Symmetry broken




The 4 dominant phases: Gaps o A. Lauchl
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The 4 dominant phases: Order-parameter Susceptibilities

R R e N R
S-Mott

- S w -~

Structure Factors [a.u.]

— ny
wn (=] o

Structure Factors [a.u.]
=)

(3.}

D-Mott
L [ ] L
® ® L J
o © @
ON-8
O N,=12
e N,=16
Ohi s w00 S
sCDW dCDW sSDW dSDW sSC  dSC
dCDW / Staggered Flux
L
@
SO

4

20

15

10

T i

T T T

e e

D-Mott, S-Mott:

e insulating

e gaps to all excitations
e unique Groundstate

e short range ordered

e unbroken symmetry

Staggered Flux and
CDW phases

e insulating

e gaps to all excitations

e 2-fold deg. groundstate
« long range ordered

e Z, symmetry broken




2 Dimensions. t-t'-U model
e(k) = —2t[cos(kz) + cos(ky)] — 4t' cos(kz) cos(ky)
. 8

n.n. n.n.n. hopping
U: Hubbard Interaction: Unjsn; |

) DOS A

______ t' = ——— Yan Hove

U= Singularity
VanHovg_  f N _ L |
density = When / 4 o Energy

(0,£7)(Z7,0)

u =4t |V Fermi Surface intersects saddle points

Possible Instabilities
o AF: nesting
, -
|t/ /t| <« 1 nearto 1/2 filing < P Sy

[¢//t] S 1 farfrom 172 filing - F: stoner
p-wave pairing
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V(k;, ky, ks)

Numerical implementation in 2D: * ks
The N-patch technique

following Zanchi and Schulz 1997
Similar approaches:

Halboth& Metzner 2000,

Tsai& Marston 2001

K, k,

» Consider flow of couplings V(k;, ka, k3) with
incoming wavevectors k,,k, and 1st outgoing
wavevector k; on the FS, k;, is fixed by
momentum conservation.

» take V(k,, k,, k;) constant for all k;,k, and
k, in same patches.

* neglect freguency dependence of couplings.
« all phase space integrals are done as sums of
radial integrals along the lines:

[’k — iw(k)fdrr

e we calculate with patch numbers from N =32
to 144.
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t=-0.25t: the saddle point regime

Vary band filling around the van Hove value at
fixed t=-0.25t, initial U=3t. >=0.75/5R8 van Hove filling

i p=-1.15t] 1=-1.05t p=t
Filling smaller than saddle point filling 2l Gnave paking .
(1 > -1): only d-wave pairing channel singular %_ - % ;
atlow T.
er‘rllﬁ:tgﬁin?&‘ i
Filling slightly larger than saddle point O st O S
<n>=0.82/site

filling (1L < —1#): several channels grow togther

p=-0.95t

driven by scattering processes between the

nmuj

saddle points: the saddle-point regime
=» d-wave pairing and AF susceptibility Or;fﬂwfw?r-v

grow comparably in the range of validity T :
= orbital AF (sF,DDW) grows as well (but Mutual reinforcement of
not leading instability) d-wave pairing and AF channel:
2 Charge compressibility suppressed both channels driven by same
(most strongly at saddle points) scattering processes between the

saddle points.

Honerkamp, ﬁtu,So.emko-fﬂ' ‘02



Two patch approach to the 2D t-t" Hubbard model
R e

Interaction vertices Lederer, Montambaux, Poilblanc ('87)
for the two patch model:g,,..,94 Furukawa, Rice, Salmhofer ('98)
= M 92 M
RG, repulsive U= g,=0, g,=1,
. X L X 93=2'zr g,=-1

Discretization scheme:
gide o L\.\l )
r ©
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~ 8k-points 16 k-points
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Cooper and Umklapp

. _ processes at the saddle points BT

Cooper process: = Cooper couplings-drivest-wave:pairig: <
Ze oI IER IR fluctuations through particle-particle chariiel
= Umklapp processes drive antiferromagnetic
and other (m,m)—fluctuations through particle-hole
channel
= in one-dimensional systems: Umklapp
scattering causes Mott charge gap
Umklapp process: = in one-loop RG: Umklapp processes suppress
(r,t) momentum transfer charge compressibility

Fermi surface near saddle pomts (T, m)— Umklapp
processes have almosf zero pale.me A:,
reinforcement of d-wave p

channel, both channels driven by same scattering
processes between the saddle points.




What is the strong coupling state
in the saddle point regime ?

Flow to strong coupling in the half-filled two-leg Hubbard ladder:

> d-wave pairing, AF and orbita! AF susceptibilities diverge with same exponent,
charge compreSsibility suppressed '

= Bosonization (Lin, Balents& Fisher 1998), DMRG (Noack 1994):

Strong coupling state is insulating spin liquid (ISL) without long range order,

with spin and charge gap. j, I I I
U

H

RG flow at saddle points in 2D model qualitatively similar to half-filled two-

Ieg Hubbard ladder (Fu-ru'.;..awa,‘Rice 1998, Honerkamp, Salmhofer,Rice 2001)

= Analogous strong cougling state at the saddle points?

9 d-wave pairing, antiferromagnetic and orbital AF (sF,DDW) correlations
embodied as short range correlations? (—t-J model, Ivanov et al. 1999)

- =» BZdiagonals remain gapless ?
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Two patch approach to the 2D t-t" Hubbard model

5
Order parameter
susceptibilities reveal el
similarities to the = . - o
D-Mott phase of the =
Hubbard ladder: £ 3}
g (o] o] (o}

e equally enhanced: ol ON,-8

e d-CDW - ®N,-16

e s-SDW E

e d-SC v 1t
e but presumably SRO : ) @ @

sCDW dCDw sSDW dSDW sSC  dSC

—> dRVB S0



Dbping_ of a 3—Leg Ladder

3 bands at E_: 2 even + 1 odd parity

half-filling: l _ l
1e//sTe charge: gap gap
spin: gap gapless
~low doping, 6 < Sc ; holes enter here

Fermi surface only in odd parity channel
even parity channel truncated by U-processes

> Partial truncation of the Fermi surface,

similar results for n-leg ladders (Ledermann, LeHur, Rice)
. . PRB ‘oo



3- Leg Laolde_z_
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Low Energy Scale ( T¢T%)

Two Fluid Model

 |nsulating Spin Liquid (d-RVB) at Saddle Points (S)
 Fermi Liquid Arcs near BZ diagonals (A)

Coupling via Cooper Process / \/
Pariring Interaction induced on the Arcs \ //

e t
VAA % AS Zs ZQ nggk Ck crc—k —ac—k -o’cfc",or’

0'0'

_ Zs d-Wave pairing susceptibility — dSC
e

g: =cosk, —cosk,



Conclusions

e We have proposed a numerical method to analyze RG flows
to strong coupling.

e The method is flexible and turned out to be useful for
systems with pure SRO, quasi-LRO and true LRO.

e Its results are consistent with boson_ization results.
e Since it is based on Exact Diagonalization we can calculate

energy gaps, static and dynamical correlation functions
directly in a fermionic description.






