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Cﬁynamim[ correlation ﬁmcu’ons:

CISQ\/[ﬂ{(j a]ojaroacﬁ for T>07

[A.C. Tiegel, S.R. Manmana, T. Pruschke, and A. Honecker, PRB 90, 060406(R) (2014)]
Main question of this talk:
Direct computation of dynamical spectral functions via DMRG at T>07?

m [Use Liouvillian formulation:

£:’Hp®IQ—Ip®HQ

e here: proof of principle results (no optimized code)
e flexibility of approaches to resolvent

e high resolution, small errors

e works at all frequencies
e no further mmput needed (e.g. linear prediction)




Fxcitations in Quantum ﬂ\/lomy-iBocfy Systems:
iﬁynamiea[ S}oectm[ Functions

angle-resolved photoemission (ARPES) scanning-tunneling spectroscopy
energy a) macroscopic scale: b) atomic scale:
analyser <@ } ®
h tunneling MR i atoms
p OtOIl voltage scanning P
direction
source ' ®
hv Uy — Y

tungsten tip

currenti I+
sample atoms

©

(Wikipedia) ( www.physics.rutgers.edu/bartgroup/)

Linear response: measure quantities of type:

Cpt,a(w) = ) _(Po|Bln) (n|A|¥o) §(w — (En — Ey))

n

m 1nsights into (local) density of states, excitations of the system, structure factors


http://www.physics.rutgers.edu/bartgroup/
http://www.physics.rutgers.edu/bartgroup/

@ynamiea[ syectm[ ﬂncﬁons:

ﬁm’w temperatures

Materials (neutron scattering): Optical lattices (QMC prediction) :
| | SU(N) Hubbard systems
KCuFs: 1D Heisenberg chain, I 0.5
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fﬁynamicaf syectm[ ﬁncﬁons:
Cluster Perturbation ’l'ﬁeory for S}oins

[A.S. Ovchinnikov, I.G. Bostrem, VL. E. Sinitsyn,

4 1 2 3 4 1 2 3 4 1
} ﬂ ' ' D ﬂ ' l D {/t G_ 1 G_]_ V Theor. and Math. Phys. 162, 179 (2010)]
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Klauser et al. (2011) q [] [B. Lenz et al., in preparation]



fﬁynamica[ correlation ﬂncﬁons:

T —ovs. T >0

Dynamical correlation functions at T = O:

Ga(w) = —2Im (Yo |A' srmdamm A| Yo ) = X, (n |41 %0) 8 (w — (En — B))

Ho \n> = En \n}
Dynamical correlation functions at T > 0:
1
Galw,T) = = ;e_BEm (m|A|n)(n|Alm)d(w — (B — Epn))

w Need the full spectrum...difficult @
Ways out: continued fraction expansion, (D)DMRG, QMC,...
Here: DMRG+continued fraction/Chebyshev expansions




inite temperature methods:
45 p
joumﬁcau’on with matrix Joroc[uct states

== Compute thermal density matrix via a pure state in an extended system:
[U. Schollwock, Annals of Physics (2011)]

] 3 S 7

9 ohydted] P formal replacement
I I I I I I I I Ho Hel,
5 auxiliary Q

+ 6 8 10

W7} ~ e~ (HP®IQ)/(2T) {®JL:1 rung — Singlet>j]

= or = ¢ /T = Trq |Ur) (V7

1= Real time evolution at finite temperature:

W) (¢) = e POV [y = G (T, (7= Gu(T,w)

oProblem: reach long times for large systems
oWays out: linear prediction, backward time evolution 1n Q

[T. Barthel, U. Schollwock & S.R. White, PRB (2009); C. Karrasch, J.H. Bardarson & J.E. Moore, PRL (2012)]



Cﬁynamiea[ correlation ﬁmcu’ons at ﬁm’w T
Liowvillian formufatiom

Galw )= % Z e PEm (m|Aln) (n|Alm)d(w — (En, — Em))

Note: 1) Difference of all energies
2) MPS approach: | ¥ 1) vector in the Liouville space spanned by Hp @ Hq

w Dynamics is actually governed by Liouville equation [Barnett, Dalton (1987)]

0 :
a|\PT>:—Z£|\PT>, LZHP@)IQ—]})@H@
(backward evolution in Q by Karrasch et al.)

GA(]C,UJ) — —%Im <\IJT |ATﬁA| \IJT>

Q’i" [A.C. Tiegel et al., arXiv:1312.6044 : proof of principle calculations]
Nb e nuptopea e pRie B IO NG eE ity ice | el L A0 |



Liouville space formaﬁ’sm:

“Tﬁermcﬁe[afs .

J. Phys. A: Math. Gen. 20 (1987) 411-418. Printed in the UK

Liouville space description of thermofields and their
generalisations

S M Barnettt and B J Daltonti

¥ Optics Section, Blackett Laboratory, Imperial College of Science and Technology, London
SW72BZ, UK

£ Physics Department, University of Queensland, St Lucia, Queensland, Australia 4067
Received 14 January 1986, in final form 13 May 1986

Abstract. The thermofield representation of a thermal state by a pure-state wavefunction
in a doubled Hilbert space is generalised to arbitrary mixed and pure states. We employ
a Liouville space formalism to investigate the connection between these generalised
thermofield wavefunctions and a generalised thermofield state vector in Liouville space
which is valid for all cases of the quantum density operator. The system dyvnamics in the
Schrodinger and Heisenberg pictures are discussed.

+ references therein

do A d

i = [i, 0] = i5|0)) = £lo)

von Neumann equation Liouville equation



Cﬁynamica[ correlation ﬁmcu’ons:
Janczos recursion.

[E. Dagotto, RMP (1994)]

5" use continued fraction expansion (CFE)

T
Ga(z) = —LIm <¢O |ATﬁA| %> = ipy Uit Al

via Lanczos recursion =
‘f0> % A‘\Ij0>> ‘fn—|—1> :[”f’n> _an‘fn> _bi‘fn—1>
<fn|£|fn> 2 <fn+1|fn+1>
P ; bn = 9 by =
> e T -



Cﬁynamzca[ correlation ﬂncuons
o ﬁeﬁysﬁev YeCUrsiorn

[MPS: A. Holzner et al., PRB 83, 195115 (2011);

15> Representation via Chebyshev polynomaials: A. Weife et al., RMP 78, 275 (2006)]
5 : N-1 g
G i) = ) T o
(w) Sy go Ho ;9# (w')
with

= (toltn) = (U |ATT, (L") A| Ur)
g \to = Al¥r), |t1) =Lto),  tn) = 2L ltn-1) — [tn—2)]
W : bandwidth of L

L' : rescaled Liouvillian, so that W — [—1, 1]
"e[-1,1], T;,(w") = cos [n (arccosw’)]
gn . damping factors — Gaussian broadening n ~ 1/N

an mn
(N —n+1)cos N+ +smN c:otN—+l

N + 1

J
En =

“Jackson damping”



fﬁfecu’ve Models for Quantum Magnets

Starting point : Hubbard model

L
T Z [CLLUCW + h.c.] + UZni,Tni,¢ T ¥ N\ Tl

(i3),0 z

Heisenberg exchange: 2"d order perturbation theory for U >> t

i 412 S
ISy -5 e 1o

Real materials: additional spin-orbit coupling

—

~AE-§ a1 D-(&ix8&) |D|~x

& Heisenbergterm symmetric under permutations, SU(2) invariant
& Dzialoshinskii-Moriya-Term antisymmetric, breaks SU(2) invariance

& Typically D~1-10% ]

Here: interplay of D, ] and T in dynamical quantities



Qﬁynamica[ }on)]aem’es @C quantum magnets:
ISR on Cu-PM in magnetic elds

Copper pyrimidine dinatrate: | BT BN, ° ” [S. Zvyagin et al,, PRB(R) (2011)]
.\" A & e N
[ 2 . e C
- H

(Quasi-)1D Heisenberg AFM, described by
H=" [JS; Sjs1— HS:—h(=1) §}]

J

etfect of staggered g-tensor + DM interaction

ESR spectrum in magnetic field:
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S}OQCU"CI[ ﬁncﬁons at ﬁm’w ﬁefcﬂ

Time evolution at T=0.2 + Fourier transform
(non-optimized code, no linear prediction)

Finite-T dynamics
in strong magnetic fields:

small H: spinons

s

large H: magnons

wd e

k
[T. Kohler, Master thesis, Univ. Gottingen 2013]



Time evolution apymacﬁes:
[inear Jarec[icu’on

[T. Barthel, U. Schollwock & S.R. White, PRB (2009)]

real time behavior: linear prediction Fourier space:
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Time evolution aja]aroacﬁes:
[inear Jarecﬁ’c’a’on

Comparison to experiments: KCuFs

S 00| (@ Experiment 150K §3 (c) T=50K
0 O ® data
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0 T 27
Wave vector k
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Energy (meV)

[B. Lake et al., PRL (2013)]

(d) T=75K
LL field theory

20 40 60 80 100
Energy (meV)



Time evolution aja]oroacﬁesr
[inear Jarec[ic’a’on

—0.015 —=0.010 —=0.005 0.000  0.005  0.010  0.015
MMM | I R

Exact results
for analytically solvable
XX-model:

time ¢t

W EEE=EE5 %
1
position i

XX model, L =100, 7 =0.04, T'=1/8

2.0



Time evolution ayymacﬁes:
[inear Jaredicu’on

TimeeV()lution Wlth MPS - ‘ 0:2

Difference to linear prediction from t=2 Difference to linear prediction from t=4
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ork c[irectfy n equency space:
Liouvillian ﬁ’nire- a}o}omac&
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Liowvillian ﬁnire-ff aypmacﬁ:

COWlJﬂClTiSO?’L o exact resu[ts

0.12
Continued fraction expansion: O R (a)
2 008}
o
i E
T o Y oy 2 0.06
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- — wn R=40.1
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Liowvillian ﬁnire-‘f ayjaroacﬁ:

ﬂ-[eisenﬁerg anuferromagnet n magneu’c ﬁe[oﬂ
Chebyshev approach:

no DM 4 with DM

‘Melting’ofa =
Luttinger liquid

Formation of bands,
thermal broadening

497 /51, w)

S..(k =

0 /4  7w/2 3w/4 TO /4  7w/2 3w/4 0T



Conclusions

Go to Liouville space and work directly in frequency space:

Galkw)=—Im(Vr|A"=—AVr) ¢ g ool .ol

Independent of method: also possible to use PEPS, further tensor networks, other numerical

approaches (ED, DMFT impurity solver, ...?)

Heisenberg chain with Dzyaloshinskii-Moriya interaction:

10-2 10~ 109 0.20

AT
h:O

1073
T

very accurate
observe “melting” of LL,

formation of bands via DM interaction

Next steps: optimize code,
ESR lines,
other systems (5>1/2, fermions, bosons)
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