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Correlatetl Quanibnbsystems

For a system to be in the quantunegime:
ce VLU

Couplings in the quantum Hamiltonian

Ex.trans\erse beld Ising model
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How far does the QC egime extend?
Kopp & Chakravarty, Nature Phys. 2006
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Quantum criticality hes, there, everywhere?
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Scaling of optical conductivity? Elections interacting with a lmad spectrum of bosons
van der Magl et al , Nature 2004 Norman & Chubukv, PRB 2006
Not with single parameter scaling Andersongcond-mat/0512471

Phillips & Chamor?RL 2005 Gutzwiller projection



Strongly Constramed(QuantuiniySystems

If there is a dominantery high energ scale in the mblem that imposes
a seere kinematic constraint in the system:

r<]'J <

then,we bnd that

A hierarchy of scales can open such that:

A) the constrained thermodynamics becomes classical even at low temperatures

B) the dynamics is quantum in origin

C) the system can display critical behavior at very high temperatures, which is
unrelated to quantum criticality



Exanpiple 90i eonsimatdedsiodel:
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bsephson junction-aays ofT-breaking: sup@onductors

Constrained Ising model
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Generic constrained systems

A

H=-JH; —-TH —UHy urt 3, with [My,H8;]=0 and [9,,19:]% 0

For 7'! U the system isffectively constrainedo a restrictedHilbert space’{y
spanned ¥ the eigermectors of 9, .

\
\
\
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Hrr is extensie in the system size Hir is not extensie
l ) ) *
The non-interacting — J — 0 system The correlations of the pugly projected

exhibits paver-lav correlations (criticality) system e trivial (eg. Hubbad model)
when restricted to Hy (eg.dimer models,
ice modelsgonstrained Ising models)



A spin-1/ 2 example:
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leg" =1 hex i# hex
with U > |J|,|! |, and for temperatures T <« U the systems is mostly conbnedto a

superposition of GS eigervectors of M o

— - —  +

The non-commuting HF term has a vanishing first-order contribution and
needs to be expanded in (degenerate) perturbation!



Introducing the constraint in a quantum system: projection by a large energy coupling
U! |J],|T'] onto its (highly-degenerate) ground states.

| |N ! |

H=1J &%6!' T 61U cos 2 6713

leg" =1 hex 1# hex

(at temperatures much # smaller than U)

" "$ o on the restricted Hilbert space
| . 1] Zpz n 1 (n
Hg = "J 5T Ot /v 3
14,5" n=1 span of GS basis vectors of U term

First non-vanishing contributions of the (degenerate) perturbation theory appear only
at sixth order (third order if we used Heisenberg Hamiltonian instead of Ising Hamil-
tonian):
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Different temperature regimes

e T > U -allterms in the Hamiltonian become negligible, free-spin
paramagectic phase

e T« Ta -Oquantum regimeO

e T >1Ta -classical hard-constrained regime with infinitesimal
perturbationl] anguantum dynamics

A classical ordered phase can appear depending orfebts eff J

Iy
U
Hierarchy opens a lge window
In which the
thermodynamics is classical
I
¥ et ~T (F/U)nl !




Dynamics is still quantum: why?

consider coupling the system to a thermal bath, e.g., a la Caldeira-Leggett:

with




Relaxation time for thermally activated processes (over the defect-creation barrier
~ exp(U/T))

o= . 1,(UIT)

Relaxation time for virtual processes (via quantum tunneling of at least 6-th order in
perturbation):

7o = min(|Teg | e ),
where
Vet ~ V(YUY <y
Lo ~ (/U™
To < 7 = phantom of quantum mechanics in the form of sporadic tunneling
Q T

events between which coherence is lost provides the fastest mechanism for the system
to reach classical thermodynamic equilibrium when |I' 4| < T < U.



Effects of the constraint at the classical behavio

" | |V # IN | M
B=—-J B67~  h+ (-1)'h, B7-T B -U cos 2' b? /3
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How does the constraint alters the Ising model?

e The model is critical in the absence of interactions (Baxter), and its long distance behavic
captured by arSU(3) |x=1 Wess-Zumino-Novikov-Wten conformal field theory

= /d% (%II! WP+ v (k)

\

2 component height field

e What are now the fcts of J, h, hs in the constrained model?
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1) The (staggered/uniform) magnetic field case

From Monte Carlo simulations, Cluster Mean Field Method results, and Transfer
Matrix calculations of the free energy and magnetization of the system, as well as
andytical resultsin the staggeredbeld case (Baxter, Kondev):
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(uniform field) (staggered field)

¥ The uniform magnetic beld case exhibits an exotic Prst order phasetransition
to the ferromagnetically ordered phasewherethe magnetization per spin jumps
discortinuouslyfrom Oto 1

¥ The staggered magnetic beld caseexhibits an inbnite order phasetr ansition at
iInPnite temperature to the Neel phase
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Characteristic features:

¥ the criticality is robust in presence of a uniform magnetic field up to the first
order phase transition

¥ the SU(3) symmetry is preserved up to the first order transition (same central
charge ¢ = 2 and same exponents)!



2) The nearest-neighbor interacti on case

From Monte Carlo simulations, Cluster Mean Field Method results, and Transfer
Matrix caculations of the free energyand magnetization of the system:

EF=—J 0i0j Z gj — :|:6,0
(i,j ) I € hex
Neel order disordered phase Ferromagnetic order
| | | -
(BI); p=—0.28 0 (BT =0.1 I

e In the caseof ferromagnetic interactions, the systemundergoes an exaic brst
order phasetransition to the ferromagnetically ordered phase wherethe magne-
tization per spin jumps discortinuously from O to 1

e In the caseof antiferromagnetic interactions, the system undergoes a Gsecond
orderOphase transtion to the Neel phase

e Monte Carlo simulations are incapable of detectingthe AF transition
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Characteristic features:

¥ criticality with ¢ = 2 for a ferromagnetic coupling J until the brst order phase
transition is reached (exp(! L/&) Pnite size correction closeto the transition)

¥ criticality with a varying central charge on the antiferromagnetic side approxi-
matey from gJ = (8J)4 (¢" 1.5)to 5J = 0(c= 2)



HiTc (High-temperature criticality) |
strongly constrained quantum

SyStemS
quantum regime T quantum glass
Static properties of the effective N T=oo /.
Hamiltonian _
paramagnetic phase
n ﬂ \ T . U
Heff = VJ ofof! TegHpy it N e
lij " constrained entropic /=
’ scaling regime " Jfl"-v(JfT)iF)
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where I'eg = % and H{iﬁfu is at .f
. T AF ordered phase F ordered phase
most of order 1 in U N
L o 1P | J
¥U" T!# classical paramagnetic phase (U relevant)
¥|J|,|Teg] " T " U '# constraint fully enforced; classical phase equivalent

to classical constrained model with nearest-neighbor interaction J: universal
critical behavior at large enough temperature!

¥T" |J|,|Ter| ' # ordered phases that depend on the model-specific Hamiltonian
details

Large temperature universal scaling regime with no required underlying
critical point!



More had-constramedssystems

T/tA . Classical dimer model
I
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Zg gauge theoy
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Classical caeelation entopy of constrained systems
VS.
von Neumann entopy

* AZ1 Sa=1tra(laInty) oa = trg @
R where
o B:ithe rest Sg = ! trg (pg Inpg) pg = traf
R o - . The von Neumann entopy depends on the boundgtor pure states,

but on the bulk as wll for mixed states

1
To subtract the bulk termwe dePne  Spoundary = > (Sa + Sg ! Sarg)

Smixed —

1 gpure
boundary i

boundary

Non-trivial correlation entopy even at largd’!
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HiTc (High-temperature criticality) |
strongly constrained quantum

systems
quantum regime T quantum glass
Static properties of the effective N T=oo
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paramagnetic phase
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¥U" T!'# classical paramagnetic phase (U relevant)

¥|J,[Tegl " T " U !# constraint fully enforced; classical phase equivalent
to classical constrained model with nearest-neighbor interaction J: universal
critical behavior at large enough temperature!

¥T" |J|,|[Teq| ! # ordered phases that depend on the model-specific Hamiltonian
details

Large temperature universal scaling regime with no required underlying
critical point!



