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an elongated bipolar feature. The travel-time
perturbations caused by the four events are all
negative, with the maximum amplitude of 16.3 s.
This is surprisingly strong. Recent theoretical
studies, based on numerical simulations of emer-
ging magnetic flux tubes, estimate the magnitude
of travel-time anomalies at these depths to be of
an order of 1 s (23). This discrepancy may imply
that the magnetic field deep inside the convection
zone is much stronger than in the models or that
the magnetic field effects in the acoustic travel
times are not yet well understood. However, the
nature of the perturbations are not known, and
the detected anomalies can be due to thermal
rather than magnetic effects. In addition, a weak
magnetic flux at large depths is probably unde-
tectable by our method. Therefore, the disappear-
ance of the travel-time anomalies after the start of
emergence does not necessarily imply that sun-
spots are disconnected from their roots.

Our measurements and tests with several
phase-speed filters also show that acoustic waves
focused at depths of about 57 to 66 Mm have the
biggest contribution to the signatures of emerging
flux. The detection of such signatures at a depth
of about 60 Mm possibly poses a low limit on
the depth of generation of large magnetic regions.
The average emergence speed from this depth up
to the surface is estimated to be ~0.3 and 0.6 km/s
for the analyzed weakest and strongest emerging
flux events, respectively.

Predicting solar magnetic activity is a valu-
able tool for space weather forecasts. Our tech-
nique of imaging the deep solar interior, combined
with uninterrupted helioseismic observations of
the Solar Dynamics Observatory and the far-side
imaging technique (24-26), can monitor the
Sun’s activity in a synoptic way, both in the near
and the far sides, and allow detection of large
sunspot regions before their appearance on the
solar disc. Strong emerging flux events can now
be anticipated 1 to 2 days in advance.
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Quantum Simulation of
Frustrated Classical Magnetism
in Triangular Optical Lattices

]. Struck,* C. Olschliger,* R. Le Targat,® P. Soltan-Panahi,* A. Eckardt,> M. Lewenstein,*>

P. Windpassinger,* K. Sengstock™*

Magnetism plays a key role in modern technology and stimulates research in several branches of
condensed matter physics. Although the theory of classical magnetism is well developed, the
demonstration of a widely tunable experimental system has remained an elusive goal. Here, we
present the realization of a large-scale simulator for classical magnetism on a triangular lattice
by exploiting the particular properties of a quantum system. We use the motional degrees of
freedom of atoms trapped in an optical lattice to simulate a large variety of magnetic phases:
ferromagnetic, antiferromagnetic, and even frustrated spin configurations. A rich phase diagram is
revealed with different types of phase transitions. Our results provide a route to study highly
debated phases like spin-liquids as well as the dynamics of quantum phase transitions.

rustrated spin systems belong to the most
demanding problems of magnetism and
condensed matter physics (7, 2). The sim-
plest realization of geometrical spin frustration is

the triangular lattice (Fig. 1) with antiferromag-
netic interactions: The spins cannot order in the
favored antiparallel fashion and instead must
compromise. The rich variety of possible spin
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configurations in the quantum spin case arising
from the competition between interactions and
the geometry of the lattice has been studied in
many different contexts (3, 4). Classical frustrated
spin systems also show intriguing properties
(5-7), such as highly degenerate ground states,
and emergent phenomena, such as artificial mag-
netic fields and monopoles observed in spin ice.

Despite the interest in magnetically frustrated
systems, their experimental realization and char-
acterization in “natural” solid-state devices still
poses a major challenge. Recently, there have
been considerable advances in the direction of
simulating quantum magnetism (8§—15). We re-
port on a versatile simulator for large-scale classical
magnetism on a two-dimensional (2D) triangu-
lar optical lattice (/6) by exploiting the motional
degrees of freedom of ultracold bosons (/7). The
cornerstone of our simulation is the independent
tuning of the nearest-neighbor coupling elements
Jand J' (Fig. 1) by introducing a fast oscillation
of the lattice (/8). In particular, we can even
control the sign of these elements (19, 20), thus
allowing for ferromagnetic or antiferromagnetic
coupling schemes. Hence, we gain access to the
whole diversity of expected complex magnetic
phases in our 2D triangular system and can study
large-system phase transitions as well as spon-
taneous symmetry-breaking caused by frustration.
With our approach, the easily achievable Bose-
Einstein condensate (BEC) temperatures are suf-
ficient to observe Néel-ordered and spin-frustrated
states. This is an advantage when compared with
systems based on superexchange interaction
(10), which demand much lower temperatures.

For weak interactions, ultracold bosonic atoms
in an optical lattice form a superfluid state [in our
2D array of tubes: lattice depth is 5.6F, (where E,
is the recoil energy of the lattice), on-site inter-
action U = 0.004F,, single-particle tunneling
J = 0.002E,, and a maximum of 250 particles
per tube]. In this case, the atoms at each site i of
the lattice have a well-defined local phase 0; that
can, as a central concept here, be identified with
a classical vector spin S; = [cos(6;),sin(6,)] (see
also Fig. 1). Long-range order of these local
phases (spins) is imprinted by the minimiza-
tion of the energy

E({0;}) = _<Z>~.]jj cos(6; — 6;)
LJ

=208+ S (1)
()

where the sum extends over all pairs of neigh-

boring lattice sites. Note that we study large

systems of ~1000 populated lattice sites. As a

second central concept, the tunneling matrix ele-
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ments J; assume the role of the “spin-spin”
coupling parameters between neighboring lattice
sites: Positive .J; correspond to ferromagnetic
interaction, and negative .J;; are consistent with
antiferromagnetic interaction. The most impor-
tant feature of our approach is the independent
tuning of the tunneling parameters J and J' along
two directions (Fig. 1) via an elliptical shaking
of the lattice (/7). This leads to various ferro-
magnetic, antiferromagnetic, and mixed-spin con-
figurations (Fig. 2). In the situation where all
tunneling parameters are positive (J, J' > 0), the
spins align parallel, and we associate this with a
fully ferromagnetically ordered phase. This is
identical to the ordering observed without shak-
ing. When, for example, the signs of the J' cou-
plings are inverted (J > 0, J' < 0), the new
ground state of the system is of rhombic order:
Along the direction of negative coupling, the
spins arrange in antiferromagnetic order, where-
as the coupling in J direction remains ferromag-
netic. The other configurations shown in Fig. 2

Fig. 1. Illustration of a
single plaquette within a
large-scale triangular lat-
tice. The accessible, inde-
pendent control parameters
J and J' are highlighted. The
local phase of the atoms
residing on a single lat-
tice site is mapped onto a
classical vector spin (red ar-
rows). The coupling param-
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(spiral and chain order) can be explained in a
similar fashion. Each of these spin configura-
tions has its own, unique quasi-momentum dis-
tribution, which serves as a clear signature for
identification via standard time-of-flight imaging
techniques (/8). The experimental data obtained
for the different cases are presented in Fig. 2.
The rich variety of spin orders as a function
of the control parameters J and J' can be mapped
into the phase diagram (Fig. 3A). The background
colors are meant to guide the eye and indicate
the different spin configurations as expected from
the minimization of the energy function (Eq. 1).
We assign a symbol, representing the respective
phase, to each data point by comparing the mea-
sured momentum distribution with the one ob-
tained from theoretical calculations (/7). The
measured data matches very well with theory
(18). The phase diagram has several interest-
ing features that can be understood from the
energy function (Eq. 1): First, the ferromagnetic
phase (F) on the right-hand side (J' > 0) extends

eters J and ]’ can be tuned ferro- or antiferromagnetically and determine the resulting spin configuration.

Fig. 2. Spin configura-
tions in a triangular lattice

Ferromagnetic

® ®

Rhombic
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Fig. 3. Mapping of the magnetic phase diagram. (A) Phase diagram as
a function of J and J', in units of the bare tunneling matrix elements. ] =
J' =1 corresponds to no shaking. The solid line marks a first-order transi-
tion; dashed lines denote second-order transitions. Circles correspond to the
experimental data for the ferromagnetic phase, squares to the rhombic phase,
and triangles to the spiral phase. Crosses indicate data points with no long-
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Fig. 4. Spontaneous symmetry-breaking in the Sp1 region for ] = J' = —0.4. (A) Two different chiral
configurations exist in the spiral case. The plus and minus signs indicate the value of the chiral order
parameter. Red arrows denote vector spin. (B) The distinct momentum distributions of the modes allow
for an unambiguous identification of the spin configurations. The chiral contrast y is a measure for the
occupancy of the two different orders. Positive values indicate a higher occupancy of the chiral mode 1;
negative values signify the opposite. (C) Experimentally observed chiral contrast of ~500 consecutive
measurements. The contrast is normalized to the highest absolute value of the series. (D) Corresponding
histogram for the measurement series of (C) with a binning width of 0.125.

into regions where the J coupling already favors
antiferromagnetic order. The same behavior is
observed for the rhombic phase (R) (J' < 0),
which extends to regions (J, J' < 0) with purely
antiferromagnetic couplings. For J < —J|/2,
frustration finally breaks the (anti)parallel spin
order and leads to phases characterized by spiral
spin configurations (Spl, Sp2). In this region,
the system possesses two energetically degener-
ate ground states, which we will discuss in more
detail below. Second, the transitions between the

19 AUGUST 2011

phases are even of different nature. The transition
from F to R is of first order. The experimental
signature is a sudden change of the momentum
distribution when crossing the phase boundary. In
consequence, with limited experimental resolu-
tion, we see a collection of interference peaks be-
longing to both neighboring phases directly at the
phase boundary in the averaged data of consecu-
tive experimental runs (Fig. 2). The phase transi-
tions into the spiral region (R to Spl and F to
Sp2) are of second order. Finally, within the spiral

range coherence. (B) Continuous change of the momentum structure in the
spiral phase. (Left) Plot three examples of the whole momentum peak structure.
The zoomed-in, uncolored data show the evolution of the peaks for measure-
ments along the white line indicated in (A). (Right) For comparison, we also
display the calculated lowest-band dispersion relation, which indicates where
we theoretically expect the momentum peaks (highest density shown in red).

region of the phase diagram, the spin configurations
smoothly evolve. As a consequence, the staggered
chain order found around J’ = 0 is stable and ex-
perimentally well observable (Fig. 2). The gray
shaded region in the center indicates that for small
values of |.J] and |J'| the long range spin order is
lost, and the momentum distribution has no clear
interference-peak structure.

We experimentally characterize the phase
transition from R to Spl order as continuous
(that is, second order) by following the evolu-
tion of the state when crossing the phase bound-
ary (Fig. 3B). We observe a single momentum
peak in the rhombic region of the phase diagram
that smoothly splits into two once the trajectory
enters the spiral region. This is in full agreement
with the calculated dispersion relation also shown
in the figure. The development of these two peaks
marks the existence of two degenerate ground
states. In this situation, the system is expected to
randomly choose one of the possible states to thus
exhibit spontaneous symmetry-breaking. We con-
sider this important feature in more detail for the
particular case of isotropic antiferromagnetic
couplings (/ =J" <0). These two possible ground-
state spin configurations (Fig. 4A) are mirror
images of each other and can thus be distin-
guished by the chiral-order parameter (/8) of
upward- and downward-pointing plaquettes.
Their different momentum distributions (Fig.
4B) allow for a direct distinction in the experi-
ment. For consecutive experimental runs, each
of the two spin configurations appears entirely
random (Fig. 4C), which is clear evidence for
the spontaneous nature of the symmetry-breaking
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between the two ground states. In most cases
(Fig. 4D), one of the modes clearly dominates.
However, in some cases (below 10%), both con-
figurations are almost equally populated at the
same time. The simultaneous observation of
two modes might be due to excitations like the
formation of spin domains. Hence, for the first
time, our system allows detailed studies on the
mechanism of symmetry-breaking in large-scale
“magnetic” systems.

A different aspect of our system is revealed
when one recalls that the spin configurations ac-
tually correspond to local phases of a BEC at dif-
ferent sites of the triangular lattice. This provides
new insight into unconventional superfluidity
(21, 22): For all phases except the ferromagnetic
one, the state corresponds to a superfluid at non-
zero quasi-momentum and, thus, nontrivial long-
range phase order. Moreover, the observed spiral
configurations spontaneously break time-reversal
symmetry by showing circular bosonic currents
around the triangular plaquettes of the lattice.
Clockwise and counterclockwise currents are
found in a staggered fashion from plaquette to
plaquette. These resemble the currents of the stag-
gered flux state thought to play a role in explain-
ing the pseudogap phase of high-temperature
cuprate superconductors (23).

Our results demonstrate the realization of a
simulator for classical magnetism in a triangular

lattice. Let us point out here that these results
are obtained simply by using spinless bosons.
Due to the high degree of controllability, we suc-
ceeded in observing all of the various magnetic
phases and phase transitions of first and second
order, as well as frustration-induced spontaneous
symmetry-breaking. It now becomes possible to
quench systems on variable time scales from fer-
romagnetic to antiferromagnetic couplings and to
study the complex relaxation dynamics. Further-
more, extending the studies to the strongly corre-
lated regime promises to give a deeper insight
into the understanding of quantum spin models
and spin-liquid-like phases (24).
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Visualizing Individual Nitrogen
Dopants in Monolayer Graphene
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In monolayer graphene, substitutional doping during growth can be used to alter its electronic
properties. We used scanning tunneling microscopy, Raman spectroscopy, x-ray spectroscopy,
and first principles calculations to characterize individual nitrogen dopants in monolayer
graphene grown on a copper substrate. Individual nitrogen atoms were incorporated as graphitic
dopants, and a fraction of the extra electron on each nitrogen atom was delocalized into the
graphene lattice. The electronic structure of nitrogen-doped graphene was strongly modified
only within a few lattice spacings of the site of the nitrogen dopant. These findings show that
chemical doping is a promising route to achieving high-quality graphene films with a large

carrier concentration.

ubstitutional doping is a powerful way to

tailor material properties at the nanoscale

(1), and it might be expected to have fun-
damentally different consequences when used to
alter the electronic properties of inherently two-
dimensional (2D) materials such as graphene (2).
In recent years, several experimental techniques
have been developed to dope the carbon lattice
(3-9). These include methods applied during
growth of large-area graphene films (4, 3, 7, 8)
and ways to modify the material after growth
(3, 6), as well as a new one-pot procedure to
produce highly doped, few-layer graphitic struc-
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tures (9). Several characterization techniques
including x-ray photoemission (/0, /1), Raman
spectroscopy (3, 3, 7) and transmission electron
microscopy (/2) have been used to analyze the
effect of the doping process in graphene. How-
ever, a microscopic understanding of the atomic
and low-energy electronic structure induced by
the substitutional doping process in monolayer
graphene is lacking. In our experiment, we used
the atomic-resolution imaging capabilities of
the scanning tunneling microscope to understand
the local structure in the vicinity of a N dopant in
monolayer graphene and spectroscopic imaging

to measure the density of states and carrier concen-
tration at the nanoscale. We also report scanning
Raman spectroscopy, core-level x-ray spectroscopy
and first principles calculations to characterize
the effect of N-doping on the graphene film.

We grew N-doped graphene films using
chemical vapor deposition on copper foil sub-
strates (/3) in a quartz tube furnace [sample
growth details in supporting online material
(SOM) I (a)]. Each graphene-covered foil was
divided into three parts and immediately studied
using Raman spectroscopy, X-ray spectroscopy,
and scanning tunneling microscopy (STM) mea-
surements. Samples have been characterized as
grown on copper foils as well as after transfer to
an insulating SiO, substrate [sample transfer and
preparation details in SOM I, (b) to (d)].

Raman spectra (Fig. 1A) were taken over
large areas (20-um spot size) of the N-doped
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