
Our Group

Our group is interested in the theoretical and computational exploration of 
correlated quantum matter in condensed matter and AMO systems. We 
strive to understand novel phases of matter, quantum critical phenomena and 
quantum systems out of equilibrium. Our research builds on a blend of 
concepts and ideas from condensed matter theory, statistical mechanics, 
quantum field theory and quantum information. We also develop and 
implement innovative computational algorithms in order to perform large-
scale computer simulations on high-performance computers.
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Modern Quantum Magnetism

Experimental platforms ranging from condensed matter systems to  
synthetic quantum optical systems (Atoms, Rydberg, Ions, SC qubits)  

Many open questions:  

Spin Liquids, Topological order  

Doping  

Non-equilibrium behaviour 

Computational Approaches (Tensor Networks) ? 

Exciting Times !
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Fig. 1 –Left: crystal structure of LiCuVO4. (In the on-line colour version, the VO4 tetrahedra are
highlighted in green, the CuO2 bands in light olive). Right: scheme of exchange paths between the
Cu2+ in the ab-plane (solid) and to a layer shifted by c/2 (dashed).

phases [6–9]. Nevertheless, large quantum effects are predicted even for frustrated ferromag-
netic nn and antiferromagnetic nnn interactions (FMnn-AFnnn). Bursill et al. [6] report that,
contrary to the classical helimagnet, the pitch angles of the FMnn-AFnnn quantum helimagnet
remain very close to π

2 for a wide range of frustration ratios J2/J1.
Most of the few known quasi-1D frustrated spin-1

2 materials are discussed in terms of anti-
ferromagnetic nearest-neighbour interaction [10–13]. The similarity of fits for the susceptibility
and high-field magnetization of models with largely different frustration ratios [11], as well
as striking discrepancies between proposed models and realistic exchange paths [10, 13–16],
mark the difficulties and ambiguities in the determination of exchange integrals for frustrated
systems.

Here we present a study on LiCuVO4, first associated with a frustrated chain by Gibson et
al. [17], on the basis of neutron diffraction and single-crystal susceptibility data. The present
measurements of the dispersion in off-symmetry directions, combined with high-temperature
susceptibility data and magnetization, allow a more reliable determination of the exchange
integrals than low-temperature susceptibility and ordering vector alone, or susceptibility and
high-field magnetization alone. The latter may give a good idea for a simple interaction
scheme, but are clearly insufficient to classify materials with frustrated interactions prop-
erly. The exchange integrals extracted from the present measurements are remarkably well
described by our theoretical calculations. This demonstrates that realistic microscopic models
developed via band structure calculations are capable of backing up the signs and even the
order of magnitude of the major exchange integrals in copper oxide materials.

LiCuVO4 crystallizes in the space group Imma [18], with edge-shared CuO2 chains run-
ning along b as illustrated in fig. 1. The magnetic structure is helical with propagation
vector (0 0.532 0) [17]. Earlier susceptibility and magnetization [19, 20], specific heat [21],
ESR [22–24], and NMR [25] studies have been interpreted in terms of various one- and two-
dimensional models, ranging from the anisotropic AF chain [23] to the square Ising lattice [21].
Our study combines inelastic neutron scattering, susceptibility, and high-field magnetization
data, as well as band structure calculations and exact diagonalization studies of multi-band
Hubbard and Heisenberg models. We achieve a consistent picture, which reveals LiCuVO4 as
the first clear example of a frustrated quasi-1D FMnn-AFnnn helimagnet strongly influenced
by quantum effects.
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FIG. 1. Studying the AF Ising model on 1d and 2d systems. (a) Examples of single-shot fluorescence images of single-atom arrays used in
our experiments: a 24-atom 1d chain with periodic boundary conditions, a 6 ⇥ 6 square array, and a 36-atom triangular array. Each atom
is used to encode a spin-1/2, whose internal states |"i and |#i are coupled with Rabi frequency ⌦ and detuning �. (b) Time dependence of
the Rabi frequency ⌦(t) and detuning �(t) used to probe the build-up of correlations. (c) Ground state phase diagrams of the Ising model
Eq. (1), in the nearest-neighbor interaction limit, for a 1d chain, a 2d square lattice, and a 2d triangular lattice. AFM: antiferromagnetic. PM:
paramagnetic. OBD: “order by disorder”. (d) Typical experimental correlation functions obtained for these geometries (see text). For the 1d
chain the correlation length ⇠ = 1.5 sites (bottom left panel).

for the different array geometries (Sec. III), we explore it for
the square array (Sec. IV). In Sec. V A we study the influence
of ramp speeds on the correlations. In Sec. V B, we observe
a delay in the build-up of the spin-spin correlations, a feature
linked to their finite speed of propagation. Finally, in Sec. V C,
we analyze the 2d spatial structure of the AF correlations on
the square and triangular geometries and show that it is qual-
itatively captured by an analytical model based on short-time
expansion.

II. EXPERIMENTAL PLATFORM

Our experimental platform (see Appendix A) is based on
user-defined two-dimensional arrays of optical tweezers, each
containing a single 87Rb atom [30]. Here we use the arrays
shown in Fig. 1(a) containing up to N = 36 atoms: a 1d
chain with periodic boundary conditions (PBC), a square lat-
tice, and a triangular lattice. We achieve full loading of the

arrays using our atom-by-atom assembler [32]. The atoms are
prepared in the ground state |#i =

��5S1/2, F = 2,mF = 2
↵

by optical pumping, and then coupled coherently to the Ryd-
berg state |"i =

��64D3/2,mj = 3/2
↵

with a two-photon tran-
sition of Rabi frequency ⌦ and a detuning �, while the traps
are switched off. The system is described by the Hamiltonian:
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where ni = |"i h"|i is the projector on the Rydberg state for
atom i, and �x = |"i h#| + |#i h"| is the x-Pauli matrix. The
interaction term Uij arises from van der Waals interactions be-
tween the atoms, and thus scales as 1/r6ij with the distance rij
between atoms i and j. This short-range character allows us
to neglect interactions beyond nearest-neighbor (NN) atoms
for this work [33], and we thus restrict Eq. (1) to NN terms
only. For the D states we use, the van der Waals interac-
tion is anisotropic [25, 34], and the lattice spacings in the
arrays are tuned such that the NN interactions anisotropy is



Our computational tools

Exact Diagonalization

(Quantum) 
Monte Carlo

Tensor Network Algorithms |��

|��



Look at our website for more information

  https://www.uibk.ac.at/th-physik/laeuchli-lab/



Thank you for your attention !


