Universal probes for antiferromagnetic correlations and entropy
in cold fermions on optical lattices
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We compute short-range properties of the half-filled Hubbard model at strong coupling using
determinantal quantum Monte Carlo (DQMC) and within dynamical mean-field theory (DMFT)
for the cubic lattice as well as for the square lattice and Hubbard chain using DQMC and Bethe
ansatz. When parametrized by entropy, as is appropriate in the cold-atom context, these observables
are surprisingly insensitive to dimensionality and long-range order. In particular, the entrance into
the regime of local antiferromagnetism (AF) is signaled by a universal minimum of the double
occupancy at entropy s & log(2) and the onset of next-nearest neighbor spin correlations below.
Thus, unique AF signatures are (almost) within reach of cold-atom experiments with current cooling
techniques. Comparisons with the Heisenberg model and the weak-coupling case are included.

PACS numbers: 67.85.-d, 03.75.Ss, 71.10.Fd, 75.10.-b

A thorough understanding of materials with strong
electronic correlations is not only desirable on intel-
lectual grounds, but also due to their increasing tech-
nological importance, e.g., in magnetoresistive and su-
perconducting devices [1, 2]. Theoretical investigations
of corresponding Hubbard type models have already
shed light on many strong-coupling phenomena includ-
ing metal-insulator transitions, heavy-fermion and non-
Fermi-liquid behavior, and various types of magnetic and
orbital order [3]. However, there are still important open
questions, most notably regarding high-temperature su-
perconductivity, for which so far no mechanism could
conclusively be established. Recently, a novel class of cor-
related Fermi systems, namely ultracold fermionic atoms
(such as “°K and °Li) on optical lattices, has opened a
new promising direction of research: cold atoms are pre-
dicted to serve as quantum simulators for the Hubbard
type solid-state Hamiltonians of interest [4-6].

Indeed, within a few years after the first achievement
of quantum degeneracy in (single flavor) fermionic atoms
on optical lattices [7], the Mott metal-insulator transition
(MIT) was observed in two-flavor mixtures, based on sig-
natures in the compressibility [8] and a suppression of the
integrated double occupancy [9]. As a result, it is now
established that the single-band Hubbard model

H=—t Z ¢i0Cio +Uznmnu (1)
(ig).0

(with hopping amplitude ¢, onsite interaction U, and
Nig = c;rocw) can be realized to a reasonable accuracy
using ultracold fermions in the interesting interaction
range, which certainly supports the hopes of accessing
also less understood Hubbard physics in similar ways.
However, all attempts of realizing and detecting quan-
tum magnetism in cold lattice fermions have failed so far.
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FIG. 1. (Color online) Hypercubic lattice (1 < d < 3) at

strong coupling U/(v/Zt) =~ 6: a) Double occupancy D(T)
as estimated from DMFT (d = 3, circles), DQMC (d = 3:
diamonds, d = 3: squares), and BA (d = 1, dotted line). b)
Corresponding estimates of entropy per particle s = S/(Nkg).

In fact, it has not even been possible yet to verify specific
signatures of antiferromagnetic (AF) correlations which
are ubiquitous in correlated electrons and believed to play
an important role in high-temperature superconductivity.
This type of physics clearly has to be under control be-
fore cold fermions can really play a useful role as quantum
simulators. Up to now the failures to detect AF signals
have primarily been attributed to cooling issues [10, 11].
Indeed, the coldest systems achieved so far have central
entropies per particle of s = S/(Nkp) =~ log(2) ~ 0.69
[12] while AF long-range order (LRO) on a cubic lattice
is expected only for entropies s < sy = 0.34 [11, 13, 14].
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FIG. 2. (Color online) Hypercubic lattice at strong coupling:
Double occupancy versus entropy. In all cases, the minimum
of the double occupancy corresponds to s = log(2) (dotted
line). The shaded area indicates the nonmagnetic contribu-
tion to D. Inset: D(s) in d = 1 for various interactions.
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FIG. 3. (Color online) Hypercubic lattice at strong coupling;:
a) Rescaled total and kinetic energy versus entropy. b) Spin
correlations (S; - S;4s) between nearest neighbours [04=1 = 1,
da=2 = (1,0) , da=3 = (1,0,0))] and between next-nearest
neighbours [0g=1 = 2, dg=2 = (1,1), da=3 = (1,1,0)]. Inset:
infinite-range spin correlations.

[3] V. Anisimov and Y. Izyumov, Electronic Structure of
Strongly Correlated Materials, Springer Series in Solid-
State Sciences, Vol. 163 (Springer, Berlin, 2010).

[4] W. Hofstetter, J. I. Cirac, P. Zoller, E. Demler, and M.
D. Lukin Phys. Rev. Lett. 89, 220407 (2002).

[5] D. Jaksch and P. Zoller, Ann. Phys. (NY) 315, 52 (2005).

[6] T. Esslinger, Ann. Rev. Cond. Matt. Phys. 1, 129 (2010).

[7] M. Kohl, H. Moritz, Th. Stoferle, K. Giinter, and T.
Esslinger, Phys. Rev. Lett. 94, 080403 (2005).

[8] U. Schneider et al., Science 322, 1520 (2008).

Ut=0 —
Ut=2 —a—
Ut=4 -%-
Uit=6 -e-
Ut=8 v
Ut=10

Uit=15 -9

" | ] PR I I N
0 02 04 06 08 1 1.2
S

FIG. 4. (Color online) Cubic lattice (d = 3): DMFT (lines)
and DQMC (symbols) results for a) double occupancy D(s)
[thin dotted lines: extrapolations of high-s asymptotics], and
b) kinetic energy Fiin(s). Inset: Néel entropy per particle
sn(U), [fn: Staudt T + our s(7)], also indicated by thin
solid lines in the main panels.
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