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Kinetic magnetism is an iconic and rare example of collective quantum order that emerges from the
interference of paths taken by a hole in a sea of strongly interacting fermions. Here, the lattice topology
plays a fundamental role, with odd loops frustrating ferromagnetism, as seen in recent experiments. However,
the resulting magnetic order on a general graph has remained elusive. Here, we systematically establish a
general principle: that local frustration centers bind singlets while sharing a delocalized hole. This collective
effect—absent in exchange magnetism—extends from rectangular grids to random graphs, producing sharp
and predictable variation with tunable frustration measures. Our findings demonstrate that one can shape the
spin order and tune the net magnetization by embedding kinetic frustration, opening ways of spatially resolved
quantum control of many-body systems. We outline a protocol to realize some of the key findings in existing
cold-atom setups.
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Introduction. Frustrated magnetism is a classic setting in
which the lattice topology dictates collective ordering, giving
rise to strongly correlated phases of matter such as spin liq-
uids and spin ice [1–3]. In the more commonly studied case,
frustration arises from competing spin-exchange interactions
defined on the bonds of a lattice, which cannot all be simul-
taneously satisfied [4]. A distinct type of frustration arises
from destructive quantum interference of paths taken by mo-
bile spins, which increases the kinetic energy for certain spin
configurations [5,6]. Unlike exchange coupling, this kinetic
magnetism has no classical counterpart. How such a purely
quantum-mechanical order is governed by the loop structure
of the lattice is a fundamental question that has remained
elusive for several decades.

Both exchange and kinetic magnetism are found in the
Hubbard model [7–9] which, in the limit of strong on-site
repulsion, describes hopping of spin-↑ and spin-↓ fermions
along with an antiferromagnetic spin exchange. The hopping
is suppressed when each site has one spin (half-filling) but
dominates in the presence of a hole. Every hop by the hole
rearranges the spins and changes the sign of the wave function.
Thus, moving the hole around a loop with an even number
of sides gives a constructive interference if the spins are
aligned. This effect makes the ground state ferromagnetic
on generic bipartite lattices, as was shown by Nagaoka [10].
In contrast, an odd loop frustrates this order [5], favoring
a singlet (spin zero) ground state for one triangle [11]. For
extended regular lattices with frustration, the ordering varies
with geometry—while a triangular lattice gives rise to a 120◦
classical antiferromagnet [5,12], special corner-sharing ge-
ometries such as a triangular cactus [11] or a pyrochlore lattice
[13,14] can stabilize a spin liquid of singlets. Recent exper-

*Contact author: revathy1bs@gmail.com
†Contact author: shovan.dutta@rri.res.in

iments have supported these findings on a square plaquette
[15] and a triangular lattice [16,17]. However, the path inter-
ferences are considerably more complex on a general graph,
where both even and odd loops exist side by side. While one
expects the ferromagnetic state to be destabilized [12,18–20],
there is no understanding of the resulting magnetic order, de-
spite the possibility of realizing such connectivities in optical
traps [21–23] or with qubit encodings [24–26].

This is also a fundamental question from the point of
view of network science [27,28], where a principal finding
of a growing number of studies is that network structure can
radically alter collective phenomena such as disease spread-
ing, percolation, and synchronization [29–31]. However, these
findings are limited to classical systems, with rare exceptions
[32–35]. In particular, studies of frustration have focused on
social balance [36] and Ising spin-glass physics [30].

Here, we explore the impact of local frustration on kinetic
magnetism using a bottom-up approach. By adding frustra-
tion centers (diagonal bonds) to a rectangular grid one at
a time, we establish that they locally bind singlets while
preserving delocalization of the hole and the spin-polarized
background, which allows one to shape the spin ordering
as well as tune the net magnetization in steps of 1 by em-
bedding frustration (Fig. 4). Moreover, this strong, collective
effect extends to random graphs, where the magnetization
is anticorrelated with different measures of local frustra-
tion and exhibits a characteristic oscillation as a function
of the smallest loop size (Fig. 5). Such prominent variation
is in stark contrast with exchange magnetism at half-filling,
where both the total spin [34] and the local spin alignment
show a lack of sensitivity to frustration; see Supplemental
Material (SM) [37].

Setup. We consider the Hubbard Hamiltonian [9,38]

Ĥ = −
∑

〈i, j〉,σ
ti, j (ĉ

†
iσ ĉ jσ + ĉ†

jσ ĉiσ ) + U
∑

i

n̂i↑n̂i↓, (1)
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where the first term describes hopping of a fermion with
spin σ ∈ {↑,↓} between neighboring sites i and j with am-
plitude ti, j > 0 (for ti, j < 0, ferromagnetism is not frustrated
[39–41]), and the second term describes on-site interac-
tion between fermions of opposite spin, with occupations
n̂iσ := ĉ†

iσ ĉiσ . To focus on the role of network structure
on kinetic magnetism, we study the limit of one hole and
U → ∞. The latter suppresses double occupancies so the
physics is governed solely by the kinetic energy of the hole.
We define on-site spin operators Ŝz

i := 1
2 (n̂i↑ − n̂i↓), Ŝ+

i :=
ĉ†

i↑ĉi↓, and Ŝ−
i := ĉ†

i↓ĉi↑ and collective spin operators Ŝz =∑
i Ŝz

i and Ŝ± = ∑
i Ŝ±

i . The net magnetization, measured
by Ŝ2 = (Ŝz )2 + 1

2 (Ŝ+Ŝ− + Ŝ−Ŝ+), has eigenvalues of the
form Stotal(Stotal + 1) with Stotal ∈ {N/2, N/2 − 1, . . . , N/2 −

N/2�}, where N is the total number of fermions. The Hub-
bard Hamiltonian has a global rotational symmetry [8,9] such
that each energy eigenstate has a definite Stotal and a degener-
acy of 2Stotal + 1, which corresponds to different numbers of ↓
spins, N↓ ∈ [N/2 − Stotal, N/2 + Stotal]. It is thus sufficient to
compare the lowest energies for N↓ = N/2 − Stotal ∈ [0, N/2]
to find the ground-state magnetic order.

Square with diagonal bonds. We start by analyzing a
single square with hopping t along the sides and t ′ across
the diagonals [Fig. 1(a)]. The square has reflection sym-
metry about the x and y axes, leading to four parity
sectors {(+,+), (+,−), (−,+), (−,−)}, of which (+,−)
and (−,+) have the same energies. For t ′ = 0, the ground
state is a Nagaoka ferromagnet [15].

To study the effect of frustration, we set t ′ = 1 − t = u
and plot the minimum energy sector as a function of u in
Fig. 1(b). For N↓ = 0, the ground state is just that of a hole
hopping with amplitudes −t and −t ′, given by |ψ〉 = 1

2 (ĉ1↑ −
ĉ2↑ − ĉ3↑ + ĉ4↑) |↑↑↑↑〉 for t ′ < t . This state is represented
in Fig. 1(c), where the dotted bonds are frustrated and the
alternating signs indicate the π quasimomentum. The state
has energy E = −2t + t ′ and remains the ground state for
u < 1

5 , beyond which the square binds a singlet, requiring
N↓ = 1. Here, the system can take 12 different configurations
(i, j) ≡ Ŝ−

j ĉi↑ |↑↑↑↑〉, where i denotes the position of the
hole and j denotes that of the ↓ spin (magnon). The problem
then becomes that of a single particle hopping on a 12-site
Hilbert-space graph shown in Figs. 1(d) and 1(e). For t ′ > t ,
the frustration is minimized by the configuration in Fig. 1(e),
which describes the state

|×〉↑ = [(Ŝ−
1 −Ŝ−

4 )(ĉ2↑−ĉ3↑) − (Ŝ−
2 −Ŝ−

3 )(ĉ1↑−ĉ4↑)]|↑↑↑↑〉,
corresponding to a singlet on one diagonal and an ↑-spin
hopping on the other diagonal [inset of Fig. 1(b)], leading to
diagonal singlet correlations [Fig. 1(h)]. This “cross-dimer”
state with (−,−) parity has energy E = −t − t ′ and is the
ground state for u > 1

2 . For 1
5 < u < 1

2 , the ground state varies
with u, with E = −√

3t2 + t ′2/(t + t ′) and (±,∓) parity. The
one with (−,+) parity is sketched in Fig. 1(d) and has the
form |ψ〉 = | 〉 + x |−−〉, where

| 〉= [(Ŝ−
1 −Ŝ−

2 )(ĉ3↑−ĉ4↑)−(Ŝ−
3 −Ŝ−

4 )(ĉ1↑−ĉ2↑)]|↑↑↑↑〉,
|−−〉 = [(Ŝ−

1 −Ŝ−
3 )(ĉ2↑+ĉ4↑)+(Ŝ−

2 −Ŝ−
4 )(ĉ1↑+ĉ3↑)]|↑↑↑↑〉,

I II III
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FIG. 1. (a) Square with tunneling t = 1 − u along the sides
(black) and t ′ = u on the diagonals (green), containing N = 3
fermions with total spin Stotal ∈ {1/2, 3/2}. (b) Magnetization (cir-
cles) and reflection parity (triangles) of the ground state as a function
of u. The spin gap � (minimum energy gap from the ground-state
sector) is plotted in the background. The inset shows a “cross-dimer”
structure of the ground state in region III, where blue and red el-
lipses denote a singlet and a delocalized hole, respectively. (c)–(e)
Hilbert-space graph representation of the ground state. The vertices
correspond to the position of the hole in I and those of the hole and
the ↓ spin (magnon) in II and III. The signs indicate the relative
amplitudes of the wave function and dashed lines show frustrated
edges. (f)–(h) Spin correlations showing antialigned spins on the
vertical bonds in II and on the diagonal bonds in III.

and x increases from 0 to 1
5 as u decreases from 1

2 to 1
5 .

The | 〉 component gives rise to singlet correlations on the
vertical bonds, as shown in Figs. 1(f) and 1(g).

Ladder with a frustrated plaquette. Next, we embed a
frustrated square at the center of a ladder [Fig. 2(a)]. From
exact diagonalization, there are again three regions, except
that Stotal is reduced by 2 in region III [Fig. 2(b)]. Surprisingly,
the magnons are always strongly bound to the frustrated pla-
quette [Fig. 2(d)], even when the hole is delocalized for u � 1

2
[Fig. 2(c)]. This is consistent with an effective attraction be-
tween the hole and magnons in the presence of frustration
[42]. The ordering is similar to that of the single square, with
singlet correlations on the vertical rungs in region II and on the
diagonals in region III. Due to the strong binding, the physics
is unaltered by increasing the length l of the ladder.

The small spread in the magnon density outside the central
plaquette in region III [Fig. 2(d)] can be understood from
perturbation theory in t/t ′. Here, the hole is bound to the
central plaquette, and to first order, the perturbation selects
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FIG. 2. (a) Ladder with a central frustrated plaquette. (b) Min-
imum energy sector and ground-state parity as a function of
u = t ′ = 1 − t , with the excitation gap � plotted in the background.
(c) Hole density 〈n̂h〉 and (d) ↓-spin density 〈n̂↓〉, showing that the
magnons are strongly bound to the center even when the hole is
not. (e) Sketch of the cross-dimer–type ground state for large u. The
results are for a ladder of length l = 10; however, they do not change
for l � 4.

two types of cross-dimer states with (−,−) parity: (i) |×〉↓,
where the hole hops with a ↓ spin across a diagonal, and (ii)
|×〉↑,d , where the hole hops with an ↑ spin across a diagonal,
and the second ↓ spin is at a distance d ∈ {1, 2, 3, . . . } from
the central plaquette. To lift this degeneracy, the hole has to
make three hops along a neighboring plaquette, which couples
|×〉↓ and |×〉↑,1, selecting the ground state 2|×〉↓ + |×〉↑,1,
as sketched in Fig. 2(e). Hence, the probability of finding
a magnon outside the central plaquette is Pout = 1

5 . Note
this perturbative estimate remains valid throughout region III
[Fig. 2(d)]. We also show in Appendix A that the physics is
similar for a square grid with x-y symmetry and a frustrated
central plaquette. Here, the magnons for large t ′ are even more
strongly bound with Pout = 1

9 .
In contrast, for Heisenberg antiferromagnetism at half-

filling, Stotal = 0 for all u and the spin alignment across the
diagonal bonds varies smoothly with u (see SM [37]).

Ladder with two frustrated plaquettes. We next model a
ladder with two frustrated squares embedded symmetrically
at a distance p from the center [Fig. 3(a)]. When p is suffi-
ciently small, the hole mediates interactions between the two,
producing strong collective effects.

The phase diagram for large l shows five different regions
[Fig. 3(b)]. Two of these can be understood from the physics
of the single frustrated plaquette: In region II, the hole is de-
localized and each frustrated plaquette binds one ↓ spin, with
singlet correlations along the vertical rungs. This is similar
to region II in Fig. 2(d) and Fig. 1 except that the hole and
magnon densities are asymmetric across each plaquette. In
region V, on the other hand, the hole is trapped in either one
of the two plaquettes in a cross-dimer state, similar to region
III in Fig. 2, while the other one is spin polarized (see Fig. 7
for the spin correlations). In both cases, Stotal is reduced by 2.

FIG. 3. (a) Ladder with two frustrated plaquettes at a distance p
from the center. (b) Phase diagram for l = 24, where N/2 − Stotal =
2 (II and V), 4 (IV), ∼min(4p, 2l − 4p) (III). (c) Hole density and
(d) magnon density for l = 24, p = 5. (e) and (f) Spin correlations
for l = 16, p = 4, showing singlet on each diagonal in region IV and
two domain walls in region III. Sites are numbered from left to right,
with odd integers for the lower leg and even integers for the upper
leg, as in Fig. 1(a). The frustrated plaquettes behave collectively in
III and IV.

In contrast, regions III and IV represent collective behav-
ior. In region IV, the hole is shared by the two plaquettes,
each of which binds two magnons, reducing Stotal by 4. This
state exhibits singlet correlations on the diagonals [Fig. 3(e)],
which originates from a cross-dimer on one of the plaquettes
and distorted singlets on the other, captured by the variational
wave function

|ψ (α)〉 = |×(α)〉 ⊗ |×〉↓ + |×〉↓ ⊗ |×(α)〉. (2)

Here, |×(α)〉 describes distorted singlets of the form

|×(α)〉 = (S−
2 − αS−

3 )(S−
1 − αS−

4 )|↑↑↑↑〉 (3)

across the diagonals of a square, where the site numbers refer
to those in Fig. 1(a), and α ∼ 0.6 is the deformation parameter
(see Appendix B for details). Crucially, this ordering would
not be possible if the plaquettes behaved independently, as
there is no reason to bind the distorted singlets in the absence
of the hole. Indeed, the state is destabilized by increasing the
separation p as the hole gets completely localized on one side
[Fig. 3(b)].

Surprisingly, we also find a narrow region (III) close to
u = 0.5 where Stotal is very small. Here, the hole is confined in
between the two frustrated plaquettes [Fig. 3(c)], and there are
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FIG. 4. (a) Reduction of total spin with the number of diagonal
bonds in a 4 × 5 grid, where the bonds are added randomly with
at most one per plaquette. Dots show the average values, and gray
scale shows the distributions for up to 1000 graphs. Allowing two
diagonals per plaquette produces a similar variation. (b) Distribution
of the hole, given by the radii of the black dots, and spin correlation
on the bonds, given by the color scale, for a sample graph, showing
singlets on the diagonals while the other sites are aligned. Generally,
correlations between non-neighboring sites (not shown) are weaker.

two domain walls at ±p separating regions of opposite mag-
netization [Fig. 3(f)]. We have performed total-spin resolved
density matrix renormalization group (DMRG) simulations
using the BLOCK2 library [43] to extend the results from exact
diagonalization to small values of Stotal.

The ferromagnetic backgrounds are not affected by system
size, and we find the same phase diagram up to l = 32. In con-
trast, for exchange coupling Stotal = 0 ∀u, and the plaquettes
do not behave collectively (see SM [37]).

Grid with diagonal bonds. To study the effect of building
up frustration, we add diagonal bonds to a rectangular grid
one at a time, with the same hopping t > 0 on all bonds, and
study the ground state using exact diagonalization. If the diag-
onals are drawn at random from a Shastry-Sutherland lattice
[44], we find each of them reduces Stotal by 1. Even if the
bonds are drawn without such a constraint, similar behavior
is reproduced [Fig. 4(a)]. Based on the collective physics of
two plaquettes (region IV in Fig. 3), we expect this reduction
arises from the hole being shared by all the diagonals, each
of which binds a singlet. Such a structure is supported by
the spin correlations [see Fig. 4(b)] and agrees with Ref. [45]
for a regular Shastry-Sutherland lattice. As before, we do not
expect the physics to be limited by system size.

It is surprising that a local change in topology would al-
ter the collective ordering of a strongly correlated quantum
system in such a predictable manner. This does not occur
for exchange magnetism, where the diagonal bonds have
〈Ŝi · Ŝ j〉 > 0 (see SM [37]).

Random graphs. Finally, we examine whether the role
of frustration in shaping the magnetic order extends to ran-
dom Erdős-Rényi graphs with a given number of sites and
bonds. While such graphs do not have well-defined frustration
centers, their frustration level can be measured by the number
of odd loops or by the frustration index [46–48], which is
the minimum number of bonds one has to remove to make
the graph bipartite. From exact diagonalization for 20-site
graphs (Hilbert-space size ∼2 × 106), we find a strong neg-
ative correlation (∼−0.5) between Stotal and the frustration
index (Appendix C). In addition, Stotal is positively correlated
with the numbers of even loops and anticorrelated with the

FIG. 5. (a) Correlation between Stotal and the number of loops
of a given size r in 20-site random graphs, where k̄ is the average
number of neighbors per site. (b) Average correlation between the
spin alignment across individual bonds 〈Ŝi · Ŝ j〉 and the number of
loops that the bond is a part of, showing that the alignment is strongly
governed by local frustration. (c)–(e) Oscillation of the distribution
(gray scale) and average value (yellow dots) of Stotal with the mini-
mum loop size rmin in a graph. The statistics for each parameter set
are obtained from an ensemble of 1000 nonseparable graphs.

numbers of odd loops [Fig. 5(a)]. In fact, these correlations
also persist at the level of individual bonds [Fig. 5(b)], show-
ing the spin alignment across a bond is directly related to how
frustrated that bond is (see Appendix C for other measures and
SM [37] for other system sizes). The correlations get weaker
with increasing loop size as a large loop generically overlaps
with many smaller loops.

With the above insight, one can tune the magnetization of
random graphs by limiting the minimum loop size (girth) rmin

[49]. As rmin is increased, the average value of Stotal as well as
its distribution swings back and forth [Figs. 5(c)–5(e)], mov-
ing to higher (lower) values with the removal of odd (even)
loops, until one reaches the maximum girth [50]. If this is
even, the graphs become close to bipartite and ferromagnetic,
whereas if it is odd, they are strongly frustrated with a small
Stotal. None of these variations are present for a Heisenberg
model (SM [37]).

Conclusions. In summary, the interplay of strong interac-
tions, kinetic frustration, and nonuniform topology gives rise
to the physics of singlet binding, allowing one to shape the
magnetic order of strongly correlated fermions by embedding
frustration. This is fundamentally different from exchange
magnetism and has no classical analog.

While it is challenging to realize Hubbard models with ar-
bitrary connectivity, one can use well-established techniques
to locally turn on diagonal hops for cold atoms in optical
lattices. Such systems offer a controllable testbed for the
Hubbard model [51–53] and was used recently to observe
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signatures of kinetic magnetism at the single-hole limit with
up to U/t = 72 [16,17,54]. As we quantify in Appendix D,
one can mediate diagonal hops via an intermediate site at the
center of the selected plaquette by applying a focused laser
beam. The energy scales can be tuned further by modulating
[22] or staggering [55] the on-site potentials. More general
connectivities should be possible for limited number of sites
using digital quantum simulation [56,57] with programmable
atom arrays [23] and superconducting qubits [58,59].

Our findings motivate further studies of kinetic magnetism
on graphs that can explore (i) deeper connections to polaron
physics [42,60] and effective spin models [5,12], (ii) the
physics of multiple holes, which is even richer and sensitive
to the underlying geometry [42,61–70], (iii) string orders aris-
ing from the competition of exchange and kinetic magnetism
[42,71–74], (iv) the importance of other graph properties
such as separability and heterogeneity [34,35,39,40,75–78],
(v) the effect of thermal fluctuations [79–81], and (vi) broader
strong-correlation physics of the doped Hubbard model [82]
on graphs. More generally, our results show how one can
harness quantum effects on networks to control collective be-
havior, strongly encouraging future studies at the intersection
of network science and quantum condensed matter.
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Appendix A: Square grid with a frustrated plaquette. The
ordering of a square grid with a central frustrated plaquette
is similar to that of the ladder, as shown in Fig. 6. Compared
with the ladder [Figs. 2(b)–2(d)], region II with (±,∓) par-
ity is smaller, and the ↓-spin density is more delocalized in
II and more tightly bound to the center in III. Third-order
perturbation in t/t ′ shows that the latter is described by a
4:1:1 superposition of three cross-dimer states, as sketched in
Fig. 6(e): (i) |×〉↓, (ii) |×〉↑,(1,0), where the second ↓ spin is
in the neighboring horizontal plaquettes, and (iii) |×〉↑,(0,1),
where it is in the neighboring vertical plaquettes. Thus, the
probability of finding a magnon outside the center is Pout = 1

9 ,
as opposed to 1

5 for the ladder, which means they are more
tightly bound even though there are more ways to delocalize.

Appendix B: Ladder with two frustrated plaquettes. As ex-
plained in the main text, two frustrated plaquettes in a ladder
behave independently in regions II and V of Fig. 3. Figure 7
shows the spin correlations in these two regions. In II, the
hole is delocalized throughout the ladder and each plaquette
binds a magnon, leading to singlet correlations along the two
vertical rungs that are closer to the boundary. In V, the hole is
completely localized in one of the plaquettes which assumes
the cross-dimer state |×〉↓, while the other is spin polarized.

In contrast, in region IV the hole is shared by the two
plaquettes, each of which binds two magnons [Fig. 3(e)]. This

FIG. 6. (a) Square grid with a central frustrated plaquette. The
pink arrows define “shells” composed of sites at a given hop distance
from the center. (b) Minimum energy sector and ground-state parity,
with the gray background showing the excitation gap. (c) Hole occu-
pation and (d) ↓-spin occupation of different shells. (e) Sketch of the
ground state for large u.

binding can be understood by focusing on the part of the wave
function |GS′〉 where both the hole and the magnons are con-
tained in the frustrated plaquettes. This is well approximated
by the variational form |ψ (α)〉 in Eqs. (2) and (3). Figure 8
shows that the optimal value α∗, which maximizes the overlap
|〈ψ (α)|GS′〉|2, is close to 0.6 and varies slowly with u.

Appendix C: Random graphs. As shown in Fig. 5, both
Stotal and spin alignment across individual bonds exhibit pos-
itive and negative correlations with the numbers of even and
odd loops, respectively. Figures 9(a) and 9(b) show that this

FIG. 7. Spin correlations for a ladder with two frustrated pla-
quettes, showing one vertical singlet on each in region II and two
diagonal singlets on one in region V [cf. Figs. 3(e) and 3(f)].
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FIG. 8. (a) Maximum overlap |〈ψ (α∗)|GS′〉|2 and (b) deforma-
tion α∗ describing singlets in region IV for l = 10.

feature is even more prominent in graphs without triangles
(rmin = 4). In addition, Fig. 9(c) shows a strong negative
correlation between Stotal and the frustration index [46–48],
i.e., more nonbipartite graphs have lower net magnetization.
No such correlation is found for exchange magnetism [34].
Figure 9(d) shows a similar correlation of the spin alignment
across individual bonds with (1) reduction in the frustration
index due to removal of that bond and (2) odd/even parity of
the smallest loop containing the bond, both of which measure
how frustrated the bond is.

Note that the statistics are obtained from nonseparable
graphs, for which Stotal is unique in the ground state [40].

Appendix D: Realizing diagonal hops in an optical lattice.
Here, we outline a procedure to realize diagonal hopping in
selected plaquettes of a square lattice for ultracold atoms.
These atoms are trapped in an optical potential V (r) created
by off-resonant laser beams, which produce a dipole force
proportional to the laser intensity [85]. Using standing-wave
lasers in orthogonal directions yields V = V0[cos2(πx/a) +

FIG. 9. Correlation of (a) Stotal and (b) spin alignment across
individual bonds with the associated number of loops for 20-site
random graphs without triangles (rmin = 4) [cf. Figs. 5(a) and 5(b)].
(c) Correlation of Stotal with the frustration index (FI). (d) Correlation
of the spin alignment across a bond with (i) parity Pmin (even = 0, odd
= 1) of the smallest loop size containing the bond and (ii) change in
FI due to removal of that bond, averaged over 1000 random graphs
with rmin = 3 (dots give mean values and error bars give standard
deviations).

FIG. 10. (a) Square lattice (black dots) with a central site
(red dot), generated by the potential V = V0[cos2(πx/a) +
cos2(πy/a)] + (�c − 2V0 ) exp[−(x2 + y2)/σ 2], with �c = 0.04V0

and σ = a/4. The central site mediates diagonal hops (dashed lines).
The blue labels represent amplitudes of high-frequency modulation
of the on-site potentials to obtain equal hopping on all bonds. (b) Re-
sulting graph with t ′ ≈ t . (c) Required offset �∗

c for equal hops in
units of the recoil energy Er . (d) Energy gap from the lowest band
relative to the band width.

cos2(πy/a)] + Vz cos2(πz/a), where a is the lattice spacing.
One can freeze the motion along z and confine the x-y dynam-
ics to the lowest energy band by setting Vz � V0 � Er , where
Er := π2h̄2/(2ma2) is the recoil energy, and m is the atomic
mass. The resulting nearest-neighbor tunneling t0 decreases
sharply with V0/Er [86]. Loading fermionic atoms with two
hyperfine states realizes a Hubbard model [53], where the
interaction U is tunable over a wide range [16,87,88].

In recent years, it has become possible to engineer the
potential landscape within a unit cell using spatial light
modulators [21,89–91]. For diagonal hops, one can focus a
Gaussian beam at the center of the selected plaquette to create
a local minimum with offset �c [Fig. 10(a)]. It is possible to
vary �c and the beam width σ such that the Wannier function
at the minimum is gapped but mediates a virtual diagonal
hopping t ′ ∼ t0 [Figs. 10(c) and 10(d)].

The smaller potential barrier inside the square also in-
creases the hopping t� along its edges. To rectify this
distortion, one can either apply additional repulsive potentials
on the edges or, following Ref. [22], modulate the on-site
potentials with amplitude ±A on the square and ±A/3 outside,
as sketched in Fig. 10(a). For high modulation frequency
ω, such driving rescales the nondiagonal hops to t�J0( 2A

ω
)

and t0J0( 2A
3ω

), where J0 is the Bessel function of the first
kind. Thus, all bonds have equal hopping if t ′ = t�J0( 2A

ω
) =

t0J0( 2A
3ω

). Figures 10(c) and 10(d) show this condition can be
met while maintaining a large gap for a range of Gaussian
beams and V0/Er � 5. The hopping is close to t0 and de-
creases slowly with σ .

Note that the procedure can be readily generalized for
multiple frustrated plaquettes.
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