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Probing antiferromagnetic hysteresis on programmable quantum annealers
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Using programmable analog quantum annealing processors, we implement a sampling-based magnetic hys-
teresis protocol to probe the counterintuitive notion of magnetic memory in antiferromagnetic models. A key
component of this protocol responsible for the hysteresis is a transverse field, which enables state transitions,
while the longitudinal magnetic field sweep is done via a longitudinal control field. We observe intriguing
nonmonotonic magnetization, alongside full saturation and reversal of the hysteresis curve, Barkhausen-like
noise, as well as emergent magnetic domains mediated by quantum fluctuations that give rise to the magnetic

memory effect in antiferromagnets.
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I. INTRODUCTION

Quantum annealing is a type of analog quantum com-
putation that is based on the adiabatic theorem of quantum
mechanics [1-4]. While originally designed to solve opti-
mization problems, quantum annealers are also emerging as
programmable laboratories for physical phenomena which
are otherwise inaccessible using either bulk material ob-
servables in magnetic laboratories, or classical simulation
techniques [5-15].

In recent work we expanded the phenomenological range
of these experiments by introducing a protocol to emulate
magnetic hysteresis experiments using D-Wave’s quantum
annealers, which are conceptually identical to measurements
performed in a laboratory [16]. In Refs. [16,17] we ap-
plied this method to ferromagnetic and £J disordered Ising
models. In this study we apply our method to simulations
of a counterintuitive type: hysteresis in antiferromagneti-
cally interacting spins. We perform these experiments on
four different D-Wave quantum annealing quantum process-
ing units (QPUs). We find several interesting phenomena,
including nonmonotonicities similar to those observed in low-
dimensional ferromagnetic models [17]. Where meaningful,
we extract both spin structure factor and the antiferromagnetic
(Néel) order parameter from the two-dimensional (2D) anti-
ferromagnetic models to probe the magnetic order throughout
the hysteresis cycles.

Historically, magnetic hysteresis has most commonly been
observed and studied in ferromagnetic compounds, where
it arises from the breakdown of ergodicity associated with
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the spontaneous symmetry breaking around a specific mag-
netization. While a sufficiently strong field can polarize an
antiferromagnet, one would not easily expect hysteretic mag-
netization, because the local field acts to destroy the net
moment.

Antiferromagnetic hysteresis is a rare but known phe-
nomenon explained with diverse mechanisms in various
systems [18-23], though typically not in purely antiferromag-
netic models, where it remains poorly understood. Indeed,
even the textbook explanation for standard, ferromagnetic
hysteresis in terms of sticky metastabilities alone proves de-
ceptively simple: glossing over, in the classical case, the
effects of kinetics in dynamical hysteresis [24,25]; and ne-
glecting, in quantum systems, the role of quantum fluctuations
in driving state transitions via tunneling. This motivates a
study of hysteresis precisely where such metastability is ab-
sent [25]: the pure antiferromagnet.

In this work we explore an exotic form of magnetic hys-
teresis in various systems of antiferromagnetically interacting
qubits exposed to quantum fluctuations induced by transverse
fields. Of the three varieties of models we consider, two ex-
hibit frustration [26]. There exist many magnetic compounds
that can be effectively modeled as antiferromagnetic quantum
Hamiltonians with various quasi-one-dimensional (1D) or tri-
angular (2D) lattices, such as BaCo,V,0g [27], SrCo,V,0g
[28], and TmMgGaO, [29]. In this study, we focus on sim-
ple transverse-field Ising model open quantum systems that
are 1D and 2D as canonical baseline geometries on which
to probe antiferromagnetic hysteresis. We also experimen-
tally show results from D-Wave processor lattices whose
connectivity does not correspond to simple low-dimensional
quantum Hamiltonian models. However, this protocol can
be applied to many other lattices and other quantum
Hamiltonians besides what we report here, in particular for
D-Wave quantum processors any Ising model that can be
expressed as a subgraph of the hardware graph. Because mag-
netic hysteresis is a fundamental emergent phenomenon of
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FIG. 1. Schematic of the magnetic hysteresis protocol. (a) The field ramps over time, as schematics (not actual energy scales or timescales)
where we begin recording magnetization at the maximum-polarization longitudinal field denoted by the dashed purple vertical line; (b) the
conceptual tracing of the average magnetization response to the applied longitudinal field H,. (c), (d) The programmed D-Wave hardware
waveforms for the final simulation time of 11.2 us, where s is the “anneal-schedule” control parameter, and the A-gain field is H,. Adapted

from Ref. [16].

interacting magnetic spins, the possibility of analog quantum
experiments of antiferromagnetic hysteresis is a notable com-
putational capability of contemporary, noisy, analog quantum
annealing processors.

II. METHODS

A. The hysteresis protocol

We perform analog simulations on programmable quantum
annealers manufactured by D-Wave Systems [30,31] (see Fig.
1). These devices use superconducting flux qubits [32-36]
connected in a graph comprising repeating subgraph units,
and operate at approximately 15 millikelvin (15 mK). D-Wave
hardware realizes time-dependent transverse field Ising mod-
els of the form

l

A(S) ~ (i B(S) o (i
H = —T ZGX() + T|:g(l)2i:h,'0'z()

+ ) y6: "6 M

i#]

where s € [0, 1] is a programmable time-dependent anneal-
ing parameter, and A(s) and B(s) are hardware-dependent
energy scales (see Appendix A). The dimensionless coupler
interaction strengths {J;;} and longitudinal fields {A;} can be
programmed by the user. The o, Pauli term is the noncommut-
ing driving Hamiltonian. Crucially, the function g(¢), which
multiplies the longitudinal field, can be controlled indepen-
dently of s, and is thus central to our methods, as described in
Ref. [16]. In all our experiments, we set each A; to the maxi-
mum allowed normalized-hardware programmable value.
The ability to vary g in time, central to our experiments,
is currently available only in the total-simulation-time regime
of on the order of microseconds. While quantum annealers
behave coherently in the fast annealing regime (with anneal
times of the order of tens of nanoseconds) [37,38], in the
slow anneal regime, the devices are described more accurately
by an open quantum system [39]. In this regime, coupling
to the environment leading to thermalization [40—43], analog
control errors and cross talk [44-47], time-dependent noise
characteristics [48], and spin bath polarization [49] can all
cause deviations from a closed quantum evolution. For all
measurements we use an 11.2 microsecond total annealing
time. We implement “forward anneals” (i.e., those where s is a
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TABLE I. D-Wave QPU summary, where the maximum possible /-gain field that can be applied is in hardware-normalized units (relative

to the specific Hamiltonian on each QPU).

D-wave QPU chip Graph name Qubits Couplers Maximum A-gain field strength
Advantage_system4.1 Pegasus Pi¢ 5627 40279 +1.75
Advantage_system6.4 Pegasus Pi¢ 5612 40088 +4
Advantage_system7.1 Pegasus Pi¢ 5554 39238 +3.5
Advantage2_prototype2.6 Zephyr Zg 4 1248 10827 +3

nondecreasing function of time, which starts and ends at 0 and
1 respectively) with a pause in the annealing parameter s dur-
ing which we activate the longitudinal field. As in Ref. [16],
we report average magnetization as a function of applied
longitudinal field, with a reversed magnetization sign to com-
pensate for the sign of the D-Wave QPU Hamiltonian Eq. (1).

This hysteresis protocol is a probabilistic, sampling based
protocol, and it requires both the transverse field (denoted as
I') on the D-Wave QPUs, which facilitates state transitions,
and a sufficiently strong lattice coupling J, without which no
hysteresis can be measured. Our protocol has several impor-
tant tunable parameters. The physical energy scale ratio I'/J
at which the hysteresis cycle is swept has distinct behaviors at
the two extremes. If it is too small, the state does not change
(not even due to thermal fluctuations). On the other hand, if
I'/J is too large, then we are left with featureless unpolarized
states with memory-less trajectories. Additionally, the longi-
tudinal field must be sufficiently strong to force the system to
become fully polarized against the antiferromagnetic bonds:
therefore if the D-Wave hardware controls do not allow signif-
icantly strong longitudinal fields, only minor hysteresis loops
are obtained. In principle one could always obtain saturation
by using smaller coupling values, but that would amplify the
role of thermal fluctuations and further destroy memory in an
undesirable manner. Each QPU also has a different maximum
longitudinal field that can be applied; the maximum field
values of the “h-gain” schedule, i.e., of g(¢) in Eq. (1) are
provided in Table I. With the exception of the quasi-3D QPU
hardware graph experiments, for all the reported experiments,
we use default hardware settings, with no additional analog
tuning; for instance, the flux bias offsets were left to default
values, and no gauge averaging was applied.

B. Models and embeddings

We consider three different antiferromagnetic models: 1D
with periodic boundary conditions, 2D with open boundary
conditions, and a specific type of “pseudo-three-dimensional”
(pseudo-3D) model that involves the full hardware graph. For
all models, we set the coupler J values to 1, the maximum
coupler strength that can be specified on the hardware.

The 2D square-grid antiferromagnetic model case corre-
sponds to entirely unfrustrated magnetic systems because they
have open boundary conditions. The pseudo-3D model is
magnetically frustrated; it is not bipartite. The 1D antiferro-
magnetic systems we study have an odd number of spins and
are hence frustrated on one bond.

For embedding or mapping the 1D and 2D models onto the
hardware graph, we used the Glasgow solver [50], a graph iso-
morphism finder, which is a part of the minorminer package

[51]. The maximum system sizes for the 1D model we were
able to embed are: 4905 qubits on Advantage_system4.1;
4885 qubits on Advantage_system6.4, 4791 qubits on
Advantage_system7.1; and 1131 qubits on Advantage2_
prototype2.6. For the 2D model, the maximum sizes
of the models we realize on the QPU are 32 x 32 lattice
on Advantage_system4.1 and Advantage_system6.4,
33 x 33 on Advantage_system7.1, and 26 x 26 on
Advantage2_prototype2.6. See Appendix H for visual
renderings of the embeddings.

In the hardware-defined antiferromagnetic models, we set
every programmable coupler on the QPU to J = 1, which
is the maximum coupler strength that can be specified on
the hardware (in normalized programmable units) and whose
energy scale is given in Appendix A. The number of qubits
and couplers for the various QPUs are listed in Table I.
The QPUs have either Pegasus [52,53] or Zephyr [54]
connectivity.

C. Calibration refinement by statistical balancing

Nonidealities in the quantum annealers, even small fluctu-
ations in the magnetic environment, can result in nonuniform
response even in models that are uniform. These effects can
be mitigated by leveraging the symmetries of the model being
studied via an iterative statistical-balancing calibration refine-
ment technique [55], which has been implemented in a broad
range of experiments [10,12,15,37,38,55-59]. In some of our
“quasi-3D” hardware-defined experiments, we implement a
flux bias offset (FBO) calibration refinement procedure. In
particular, before implementing any hysteresis experiment,
we implement trial experiments with zero longitudinal field.
Due to Z, symmetry, the average magnetization of each
qubit should be 0. Due to experimental nonidealities, we in-
stead find a spread in the values of qubit magnetizations. By
iteratively modifying the FBOs, the spread of qubit mag-
netizations can be reduced, achieving more uniformity (see
Appendix B for more details). The FBO values obtained at
the end of the calibration refinement procedure are then used
for the hysteresis experiments to improve accuracy of the re-
sults. While more advanced calibration refinement techniques
could be utilized, such as modifying coupler strengths to
make coupler frustration uniform, or refining individual 4;
values in each “time slice” of the hysteresis protocol, such
a procedure would use significantly more QPU time par-
ticularly for models of the size we study here. Hence, we
restrict to FBO refinement in this work. For completeness we
report both calibrated and uncalibrated data for the quasi-3D
models.
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FIG. 2. Magnetic hysteresis on 1D odd antiferromagnetic rings. Average magnetization as a function of the applied longitudinal field H.
The overlaid black arrows denote the time progression of the experiment as well as the direction of the longitudinal field sweeps. The different
lines correspond to D-Wave experiments performed at different anneal-schedule pauses, defined by s, which corresponds to a particular physical

field ratio of " /J.

D. Observables

From the experimental data, we extract the average longi-
tudinal magnetization

@

where (...) denotes an average over 2000 samples (8000
samples in the case of the quasi-3D models) measured on the
hardware sampler. The experimental average over a relatively
large number of samples mitigates the possibility of apparent
ordering due to finite sampling effects, which may occur if the
number of samples is especially small.

It is natural to also consider the antiferromagnetic order
parameter, which is defined as

1 :
M=~ Z(—l)’(aﬂ.

This quantity is well defined only for a bipartite graph, and
hence can be extracted only for the 2D models and not
the odd-length 1D chains or the quasi-3D models. Interest-
ingly, unlike magnetization, the staggered antiferromagnetic
order parameter is inaccessible to experiments in a mag-
netic laboratory without a scattering experiment such as

(€)

neutron scattering, but is computationally easily accessible
to experiments on quantum annealers because they provide
information on the elementary degrees of freedom.

Our access to the individual degrees of freedom allows for
the direct extraction of other interesting observables, includ-
ing the real space snapshots of spin configurations, which we
will show in Sec. III. This also allows us to extract the mag-
netic structure factor, which gives clear visual evidence for
different types of magnetic ordering during hysteresis cycles.
While in experiments it is obtained by neutron scattering, we
can reconstruct it from individual spins, as

S(q) = <Z 1 olo] >

ij

“

where r denotes spin lattice locations. For the 2D case on
a square lattice, we discretize the momentum vector q on a
200 x 200 uniformly spaced grid spanning (—27m, 2) along
both dimensions.

The pseudo-3D models lack a sensible definition for a
Brillouin zone, and hence we compute the structure factor
only for the 1D and 2D models.

For the 1D models (which always have odd lengths in our
study), we examine domain wall counts which ranges from 1
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M,=-0.121

FIG. 3. Selected representative example 1D antiferromagnet
spin configurations measured during the hysteresis cycle run on
Advantage2_prototype2.6 (at s = 0.7), comprising 1131 spins.
Each spin configuration is from a different applied longitudinal field
value in the nonsaturated region of the hysteresis cycle, both near
H =~ —2. The spin configurations are shown as a circular annular
wedge plot where black slices denote spin-down qubit measurements
and cyan slices denote spin up qubit measurements. The net magne-
tization for each sample is shown in the center of each plot. These
selected samples show different cases of fragmented antiferromag-
netic ordering, which is to be expected for these experiments.

(in the ground state) to L for the fully polarized state (where
L is the number of sites in the 1D model).

III. RESULTS

We report antiferromagnetic hysteresis for the 1D, 2D, and
quasi-3D models in Secs. III A, III B, and III D respectively.
All reported results for the 1D and 2D (quasi-3D) models are
computed from 2000 (8000) measurements per data point, for
each change in experimental configuration. All reported net
magnetization hysteresis results are statistical averages. The
hysteresis cycle plots are presented as a function of H, where
H field units are in hardware-specific programmable units.

4905 spins, Advantage_system4.1

A. 1D antiferromagnet experiments

Figure 2 presents magnetic hysteresis experiments for 1D
antiferromagnetic models with periodic boundary conditions,
performed at different values of I'/J, which we control by
varying the value of s. It shows interesting nonmonotonic fea-
tures. In particular, a “pinch-point” occurs at s = 0.6 on three
of the QPUs, except Advantage2_prototype2.6. When
I'/J is sufficiently small, we achieve full polarization, unlike
for larger values of T.

Figure 3 shows examples of real-space spin configurations
sampled during one of the hysteresis cycles run on the D-
Wave QPU Advantage2_prototype?2.6, specifically in the
nonsaturated regions of the cycle. These spin configurations
show very small antiferromagnetic domains at small M_; the
distribution of alternating sign spins is not uniform, which
could be in part due to small J coupling energy scales
differences on the analog hardware. One sees formation of
magnetic domains for larger M., as expected.

Figure 4 reports 1D domain wall density in the 1D hystere-
sis cycles, including the proportion of | | domain walls (note
that, like magnetization, the sign of this domain wall has been
reversed in order to compensate for the sign of the D-Wave
processor Hamiltonian [16]). The domain wall density on the
other three QPUs is qualitatively similar, which can be found
in Appendix E.

1. Odd rings, domain-wall sectors, and their use as a defect
transport probe

To provide more insight into these experiments, consider
the transverse-field Ising antiferromagnet on a ring,

N N N
H=1Y oioci, —hY of =T o (5
i=1 i=1 i=1

with o = of and J > 0. Because N is odd, there are an
odd number of domain walls for any computational basis
(0® basis) configuration. When |k|, ' < J, the ground-state
subspace, comprising configurations with exactly one domain
wall (D = 1), is N-fold degenerate.

4905 spins, Advantage_system4.1
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FIG. 4. Domain wall density on a 1D antiferromagnetic ring during the hysteresis cycles as a function of applied longitudinal field H.
Left-hand plot shows the total, average, domain wall density, regardless of the sign of the domain wall. Right-hand plot shows the spin-down
(J{) domain wall density. Each closed curve corresponds to a different I' /J value on the D-Wave processor. Note that because these rings have
an odd number of spins, we are always guaranteed to have at least one pinned domain wall somewhere on the ring. Color encodes the I"/J
energy scale ratio, which corresponds to an “anneal”’-pause value s. Both at very high I'/J and small I"/J the antiferromagnetic domain wall
proportion drops to very close to zero, which is due to state transitions being energetically favorable in one case and unfavorable in the other
case. However, the lack of domain walls means that for most of the plotted color spectrum, the data lines are nearly identical, and therefore
visually only a certain range of I" /J show differences.
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Local spin flips generated by the transverse part of the
Hamiltonian, proportional to I', toggle the two bonds adja-
cent to the flipped site, so the total number of domain walls
changes by 0 or %2, thus conserving the parity of domain
wall count. Thus, when & = 0, domain wall parity is a con-
served quantity. Additionally, the domain walls come in two
flavors, corresponding to both the spins pointing up, or down.
A longitudinal field & # 0 breaks the global Z, symmetry and
splits these two local configurations in energy. These are not
distinct dynamical sectors once I > 0, because a single spin
flip at the wall converts a spin-up domain wall to a spin-down
domain wall (and vice versa) while shifting the wall by one
bond. Thus, odd rings naturally realize a single-wall system
in which T" drives coherent domain-wall motion and / biases
its drift.

This built-in, mobile defect makes odd rings a probe of
quantum-assisted defect dynamics and antiferromagnetic hys-
teresis. In contrast, an even-N ring possesses a wall-free Néel
lowest energy configuration; reversal at small || must first nu-
cleate a kink—antikink pair (energy cost ~4J at I' = 0), which
strongly suppresses response and complicates interpretation.
Because even rings require pair creation, their low-field loops
are comparatively featureless and are not informative about
defect-transport dynamics, we therefore concentrate on odd
rings for quantitative analysis. For this reason, and because
our experiments target quantum assisted transport and pinning
phenomena, we restrict to odd rings in all the 1D experiments
in this study.

Weak static inhomogeneity (bond or field offsets) pins the
wall at preferred bonds. At a pinned location the two local sign
states form a driven two-level subsystem; the transverse field
I" mixes them, while # sets their energy difference. As detailed
below, this competition produces an avoided crossing and
underlies the stick-slip dynamics and steplike magnetization
changes characteristic of the antiferromagnetic hysteresis we
observe.

In summary, the 1D antiferromagnet model experiments
show nonmonotonic magnetization features and interesting
switching that occurs at high longitudinal field. These fea-
tures have been observed before in prior quantum annealer
experiments on different types of models [16,17]. In these
models however, there is more ‘“‘corrugation” compared to
ferromagnet models [17]. Examining domain wall statistics
and individual measurements reveals fragmented antiferro-
magnetic ordering in the approximately depolarized region of
the hysteresis cycles.

2. Domain-wall theory: Effective Hamiltonian, dispersion,
and many-wall processes

In the single-wall regime we label basis states | j, w), where
je{l,...,N} denotes the location of the domain wall and
w = =1 denotes its flavor (both up or both down). For these
states, the exchange energy contribution is given by

E;=—J(N =-2), (6)

because one bond is ferromagnetic (4/) and the remaining
N — 1 bonds are antiferromagnetic (—J). The longitudinal
field contributes a term that depends only on the wall sign:
for odd N the total magnetization in a one-wall state is

M=) ,07=w,s0

H, - —hw on |j, w), (7)

where the longitudinal-field term is denoted by H), =
—h) ;07 A single o* acting on either spin adjacent to
the wall reverses that spin, toggles the wall sign, and shifts
the wall by one bond. To leading order in I'"/J, degenerate
perturbation theory yields an effective Hamiltonian given by

N
Her = Ey+ Y Y [=hwlj, w) (j, w| = T(j + 1, —w)

w=+1 j=1
x (j,wl+1j— 1, —w) (j, wDh], (3)

with periodic indexing j = j+N. Equation (8) is a tight-
binding model on a two-sublattice (sign) chain.
For a homogeneous ring we diagonalize with Bloch

states |k, w) = %ﬁ >, e j,w), k=2wm/N. In the
{Ik, +), |k, —)} basis the Bloch Hamiltonian reads
H(k) = —ho*® — 2T cos (k)o ™, )

with eigenenergies

Ei(k) = E; &/ h? + 42 cos? (k). (10)

Thus, the transverse field endows the wall with a hopping
amplitude ~I" and, at 4 ~ 0, a single-domain-wall spectrum
spanning an energy width 4I'; the time-dependent longi-
tudinal field can populate excited one-wall states. A finite
longitudinal field splits the two bands by at least 2|A| (at k =
1), producing a drift bias for wall motion. The corresponding
group velocity is

212 sin(k)
VHE +4T2cos2 (k)

While odd N fixes the wall-number parity, additional kink-
antikink pairs can be nucleated at finite drive. At I' = 0 and
small |/| a single local spin flip in a Néel region creates two
additional domain walls and costs

v (k) = % (11)

AEyx ~ 4] — 2h8M, (12)

with M = +£1 in our normalization (}_, o7 = M). Quantum
mechanically, pair creation arises from higher-order virtual
processes in I'/J, while annihilation occurs when a wall
meets an antiwall. On our platform thermal activation is
negligible; the dynamics is therefore dominated by wall hop-
ping, field-biased drift, quantum-assisted pair nucleation, and
annihilation.

The interplay of hopping (~I") and field bias (%), pin-
ning, and rare nucleation and annihilation events produces
the antiferromagnetic hysteresis observed in odd rings. In
the single-wall-dominated regime, magnetization evolves via
sequences of hops punctuated by depinning events at local
avoided crossings, generating discrete, Barkhausen-like steps.
As the drive amplitude increases, occasional nucleation events
seed additional walls which drift and annihilate; this “dilute
domain-wall gas” smooths the loop while preserving a strong
odd-ring response near low fields. A simple estimate gives the
pair-creation energy AEp,;. ~ 4J — 2hSM, so pair nucleation
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FIG. 5. Magnetic hysteresis on 2D antiferromagnetic square lattices, on four different D-Wave quantum annealers. Average magnetization
(y axis) as a function of the applied longitudinal field (x axis). The overlaid black arrows on the average magnetization lines sampled from
the QPUs simultaneously denote the time progression of the analog simulations, as well as the direction of the longitudinal field sweeps. The
lower-right subplot results do not get close to saturation for any I'/J energy scale ratio causing the magnetization lines to overlap. The reason
for this is because the maximum longitudinal field hardware energy scales are not as large as for the other processors.

becomes likely once |h| ~ 2J, beyond this “nucleation thresh-
old” the loop evolves in a dilute domain-wall gas rather than
by single-wall motion. In the data the rise of total domain wall
density and magnetization reversal set in around this scale.

For odd-N antiferromagnetic rings the domain-wall num-
ber D is constrained to be odd, in the regime of small |A| with
I' « J the lowest-energy states have a single domain wall.
In Fig. 4, in the same low-field window the sign-resolved
wall proportion exhibits a strong, hysteretic bias between
M and || walls, with forward-reverse asymmetry. This
pattern—weak change in total domain wall proportion but
strong, history-dependent redistribution between the two wall
signs—is exactly what the effective single-wall Hamiltonian
predicts: h splits the two wall-sign states w = £1 while T’
mixes them, yielding a biased two-level population that traces
a hysteresis loop. In equilibrium this bias would reduce to a
sigmoidal form %[1 + tanh(Begeh)].

As |h| grows the total domain wall proportion becomes
large and the loop area is dominated by many-wall dynamics.
The conspicuous nonmonotonicity near |k & 1 at 0.6 lies
in this regime. Such large nonmonotonicities can be under-
stood as a result of synchronized depinning at reproducible
nucleation fields set by hardware pinning, i.e., pinning sites

and hopping barriers introduced by hardware disorder and
inhomogeneities in device parameters. The nonmonotonicities
and resulting Barkhausen steps survive ensemble averaging
because those nucleation fields recur shot to shot.

B. 2D antiferromagnet experiments

Figure 5 presents 2D antiferromagnetic hysteresis simu-
lations. Again we observe full saturation for some values of
I'/J, on most QPUs. On the Advantage2_prototype2.6
processor, the maximum longitudinal field that can be applied
is comparatively weaker, resulting in the net magnetization
being lower than 0.5 for any I'/J value. In some regimes,
such as s = 0.7 and s = 0.75 where the system is fully po-
larized, we observe Barkhausen-like noise (e.g., crackling) in
these experiments.

Here we can also extract the spin structure factor in order to
examine the types of magnetic ordering that occur during the
hysteresis cycles. Figure 6 shows averaged magnetic structure
factors' from various points along the antiferromagnetic hys-

! Also referred to as Static Structure Factor (SSF).
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FIG. 6. Magnetic structure factors |S(g)| heatmaps (bottom row) within the 2D antiferromagnetic hysteresis cycles (averaged over 100
independent samples), run on Advantage_system6.4 at s = 0.7. The Ising model being simulated is a 32 x 32 grid of (antiferromagnetically
coupled) spins, open boundary conditions. The top row shows the single hysteresis cycle in terms of M, average magnetization, from which
we extracted |S(q)| heatmaps for four points along the first longitudinal field sweep, denoted by cyan asterisks. The dashed white line on the
structure factor heat maps outlines the first Brillouin zone. The heat maps are log-scaled and scales are specific to each heatmap subplot. The
order of the |S(q)| heatmaps follows the same sweep direction denoted by the top hysteresis cycle plot (the static structure factor from the
fully saturated regime is shown in the right hand subplot). Note the peaks at the corner of the Brillouin zone denoting large antiferromagnetic
clusters, and coexisting with a growing peak at the center denoting magnetization.

teresis cycle. We see clear boundary effects (due to the open
boundary conditions) that occur closer to the demagnetized
regions, seen as lines along x =y = 0 axes. In the saturated
regimes, we see either bright peaks along g, = w and g, = 7
when I'/J is high (meaning, the magnetization is not fully sat-
urated), or closer to ferromagnetic-like ordering (only due to
the system being polarized) when the ratio I /J is smaller and
also the longitudinal field is strong enough. The clearest signal
we see is strong antiferromagnetic ordering, with peaks at the
four corners of the first Brillouin zone, as the systems become
more demagnetized. Across the different D-Wave QPUs and
physical device settings, there are slight differences in the
magnetic ordering captured by the SSF plots, but qualitatively
they are all similar to each other with the primary difference
being to what extent full saturation can be achieved; additional
SSF plots under other settings are shown in Appendix C.

Figure 7 shows examples of real space single-spin con-
figurations measured during one of the 2D antiferromagnet
hysteresis cycles. These samples show fragmentation into
domain walls of the expected checkerboard ordering in the
ground state of the 2D square antiferromagnet, and moreover
we see clear boundary effects (due to the open boundary
conditions) as the system becomes more magnetized. Qualita-
tively, the measured spin configurations during the hysteresis
cycles are similar across the different devices and different
physical energy scales, Appendix G reports similar measure-
ments on a different D-Wave QPU. To better illustrate the
antiferromagnetic domains in Fig. 7 we plot also on the bi-
partite lattice the domain height function

TiXiy — (_l)i,x+i" O'liiv’ (13)

which is uniform and valued 1 in each domain. Domain
walls are then the contours separating T=+1 and t=—1.

Clearly, it is related to the antiferromagnetic order parameter
via Ms = Zi),iv 'L','X’,'V/N.

In our finite 2D samples the reversal appears to pro-
ceed through a competition between nucleation of favorably
oriented antiferromagnetic droplets (e.g., antiferromagnetic
domains, seen as contiguous cyan or black regions in the lower
row of Fig. 7) and propagation and roughening of preexist-
ing interfaces, associated with antiferromagnetic symmetry
breaking, as shown by the staggered boundaries (cyan-black
pixels) between domains in the lower row of Fig. 7. The
antiferromagnetic domains, and the boundaries between those
domains, can be seen visually by the checkerboard ordering
in the spin configurations in the top row of Fig. 7, but are
better visually highlighted by the staggered height function
in the bottom row of Fig. 7. Open boundaries play a decisive
role: edges and, in particular, corners reduce the interfacial
cost, so the first irreversible events predominantly originate
at the boundary. Once a supercritical droplet appears, growth
continues mainly by interfacial translation (with occasional
coalescence when neighboring droplets meet), producing the
steplike changes in magnetization that are characteristic of
pinned, driven interfaces. At larger field magnitude the rate
of new-droplet formation increases and the loop correspond-
ingly smooths as propagation competes with fresh nucleation.
In the raw-spin plots of Fig. 7 (top), the open-boundary
effect appears as extended runs of similarly aligned spins
along the outer edges, where spins have fewer antiferro-
magnetic neighbors than in the bulk. In the height-function
plots of Fig. 7, changes across the sampled field values
highlight antiferromagnetic domains (cyan and black pixel
regions) and in the shapes of their contours are consistent with
propagation and roughening of the corresponding domain
walls.
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FIG. 7. Selected real-space spin configurations sampled on the Advantage_system6.4 QPU, illustrated as pixel plots where black pixels
denote spin-down qubit measurements and cyan pixels denote spin-up qubit measurements (top row), from the middle of the magnetization
reversal at various longitudinal field strengths of the first magnetic hysteresis sweep of a 32 x 32 2D square grid antiferromagnet, at s = 0.7.
Notice that the checkerboard antiferromagnetic ground-state emerges in sections of the lattices. Also notice that the boundary effects from the
open boundary conditions are noticeable in many of the measured spin configurations. Bottom row: staggered domain height function v from
Eq. (13), corresponding to the same spin configurations on top row, making the antiferromagnetic domains apparent.

These processes leave clear fingerprints in the spin-
structure factor. Near saturation the structure factor weight
concentrates around q=0, reflecting the large polarized re-
gions. As the field is swept toward the demagnetized regime,
intensity migrates to antiferromagnetic wavevectors at the
corners of the Brillouin zone, consistent with the build-up
of checkerboard order driven by local field, inside expanding
droplets and along translating interfaces. As the field sweeps,
the hysteresis emerges from the polarized domain walls.

Because of the finite window and open boundaries, we
also observe streaks of intensity aligned with the axes of the
Brillouin zone at g, = g, = 0, which track the prevalence of
straight boundary-pinned segments. The streaks of intensity at
qx = qy = 0 can be seen in all four structure factor panels of
Fig. 6, but most clearly in the lower right panel which shows
ordering when the model is entirely saturated. On the return
sweep, the same features recur with a field offset set by the
pinning landscape, yielding a reproducible hysteretic trajec-
tory in both the net magnetization and the structure factor.

While both reciprocal space and real space data show
formation of large antiferromagnetic domains and their coex-
istence with net magnetization, a relevant question is whether
the data show order that can be properly interpreted as sponta-
neous antiferromagnetic symmetry breaking. To explore that,
we move to the Néel order parameter [Eq. (3)] in Appendix
F, which reveals that there is some latent bias in these 2D
experiments that should be mitigated in future work using
analog control statistics balancing methods.

In summary, these 2D experiments show interesting non-
monotonic magnetization features, the models can be fully
saturated given appropriate tuning of I'/J and the longitudi-
nal field is sufficiently strong. Moreover, the extracted static
structure factors show ordering that is consistent with an anti-
ferromagnet model undergoing reversal and saturation at high
longitudinal field. By extracting individual spin configurations
we can visually see antiferromagnetic domains, as well as

boundary effects due to the open boundary conditions of the
model embedded on the hardware.

C. Hysteresis curve areas from 1D and 2D antiferromagnetic
hysteresis cycles

Figure 8 plots the numerically integrated enclosed area of
the hysteresis cycles as a function of s (equivalently, I"/J),
from the 1D and 2D antiferromagnet simulations. This shows
that the region of the annealing parameter (s, equivalently
I'/J) where the hysteresis loop area is nonzero is smaller
compared to the ferromagnetic models or disordered frus-
trated models studied in Ref. [16].

Across 1D rings and 2D grids the hysteresis loop area, as a
function of s, is nonmonotonic in s: it turns on from near zero
at small s, peaks in an intermediate window, and decreases
again at larger s. This reflects a competition between pinning-
limited reversal at low I /J and strong transverse-field mixing
at high I'/J, with device-to-device amplitude set primarily
by the usable longitudinal field range, seen in Table I. The
reduced longitudinal field produces minor loops and system-
atically smaller areas at the same s. In two dimensions, areas
are further suppressed relative to one dimension at matched s,
consistent with reduced magnetic saturation in the 2D case.

Statistical uncertainty quantification, measured by magne-
tization standard deviation, is reported in Appendix D.

D. Quasi-3D antiferromagnet experiments

Figures 9 and 10 show magnetic hysteresis simulations
performed on 3D antiferromagnets. Specifically these use the
entire hardware graph (every coupler being set to an antifer-
romagnetic coupling).

Figure 9 shows hysteresis curve data from Ising mod-
els that are entirely antiferromagnetic. These simulations are
notable because while full magnetization is not reached on
any of the antiferromagnetic lattices, the nonzero transverse
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FIG. 8. Magnetic hysteresis cycle area (y axis) versus the annealing parameter s at which the hysteresis is performed, for the 2D square
antiferromagnetic lattice with open boundaries, (left) and 1D antiferromagnetic rings, with periodic boundary conditions (right).

field does allow state transitions to take place and we re-
cover a minor-loop hysteresis curve that resembles classical
ferromagnetic hysteresis. Moreover, like in the prior antifer-
romagnetic models we observe Barkhausen-like steps in the
magnetization cycles (Figs. 9 and 10), however, the appar-
ent strength of these signals is weak because of the high
shot noise and low-magnetization values. Being able to probe
antiferromagnetic hysteresis using this technique is a notable
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computational capability given the relatively high coordina-
tion number of these graphs.

The general trend that we observe here is that as the
coordination number of the antiferromagnetic Ising models
increases, it becomes harder to fully magnetize the systems
in the analog QPU simulation. This is to be expected, because
a higher coordination number means more energy is required,
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FIG. 9. Magnetic hysteresis of 3D hardware-defined antiferromagnets, with no calibration refinement. Average magnetization (y axis) as
a function of the applied longitudinal field (x axis). Because the absolute range of magnetization (y axis) is much smaller than the other Ising
models, here we increase the shot count (i.e., the total number of samples obtained by a complete anneal-readout cycle) to 8000 for each data
point. This increase in the number of samples reduces local jitter of the magnetization curves. No flux bias offset calibration was used for these

simulations (e.g., before calibration).
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FIG. 10. Magnetic hysteresis on hardware-defined antiferromagnets, with extensive whole-lattice FBO calibration refinement. Average
magnetization (y axis) as a function of the applied longitudinal field (x axis). Each data point on the hysteresis curves are averaged single
site magnetization from 8000 samples. In comparison to Fig. 9 where no statistical balancing calibration was used, here we see in general
smoother magnetization curves, in particular on the Advantage_system?7.1 processor.

in this case a stronger longitudinal field, in order to flip the
spins against the strong J lattice coupling.

In summary, these quasi-3D antiferromagnet hysteresis ex-
periments show that sufficiently high coordination number
substantially suppresses the hysteresis effects. Despite this,
some hysteresis can still be observed. Moreover, after apply-
ing observable bias reduction techniques the hysteresis effects
remained effectively unchanged.

Suppressed hysteresis in 3D hardware lattice

Our 3D results exhibit only small, often near-minor loops.
In highly connected antiferromagnetic graphs due to the large
interfacial cost set by the coordination number and J, there is
limited mobility when the transverse field I is either too small
(frozen) or too large (paramagnetic).

On an average c-coordinated AF lattice/graph, any domain
surface cuts a number of bonds proportional to ¢ per unit area.
Each cut bond contributes an energy scale ~J, so the effective
surface tension obeys

Ao,

up to geometric factors set by the lattice or embedding. In
three dimensions, the excess energy of a droplet, assumed

nearly spherical, of reversed Néel order with radius R is well
approximated by a surface term that scales as

Equt(R) =~ 47 \R.

Higher coordination therefore stiffens domain surfaces and
penalizes both surface translation and the creation of new
droplets.

A longitudinal field & favors spins aligned with its sign.
Flipping a spin gains Zeeman energy 2|h| (in our o° = %1
normalization), so a droplet containing a volume %‘nR3 gains

Efiela(R) =~ — 3R> (2| h|my), (14)

where my is the spin magnitude per site (for perfectly stag-
gered order my = 1). Setting the derivative of the sum of
the surface and field terms to zero, d(Esyut + Efeld)/dR = 0,
yields the critical radius

2\ A
R. = = (15)
2|hlmg  |hlmg
and an activation barrier
4 23
Ec - Esurf(Rc) + Eﬁeld(Rc) = 2 2.2 (16)
3 |hl*mg

Thus, in three dimensions the surface-area cost increases
both R. and E. sharply, in addition the high hardware
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coordination c¢ raises A and therefore pushes R. and E.
up, suppressing bulk nucleation across the sweep range we
employ.

On finite samples, droplets can nucleate as caps on faces
(roughly halving both surface and volume terms) or at edges
and corners (reducing cost further). This boundary-assisted
nucleation produces small droplets and corresponding small
hysteresis. Most field steps only rattle pinned facets without
producing large, hysteretic changes in M,.

The interfacial picture also clarifies how the control
knobs set the loop morphology. First, the sweep amplitude
(envelope) determines whether droplets can ever become su-
percritical: if the field never reaches values for which the
critical radius R, is microscopic, nucleation remains subcrit-
ical and the response collapses to minor, low-area cycles.
Second, the sweep rate and dwell time control the oppor-
tunity for rare, multispin processes that assist nucleation
and for marginal droplets to grow: faster ramps and shorter
dwells reduce this opportunity and thus diminish loop area.
Third, the transverse field fixes the matrix element for lo-
cal surface moves and pair creation; for I'/J < 1 surfaces
are effectively frozen, while for very large I'/J, strong
quantum mixing erases memory of the sweep path so that
hysteresis collapses. A pronounced, reproducible loop there-
fore occurs only in an intermediate window of I'/J that
is large enough to enable surface translation across pin-
ning sites but not so large as to randomize domains during
the protocol.

IV. DISCUSSION AND CONCLUSION

We have demonstrated for the first time large-scale
simulations of antiferromagnetic hysteresis using quantum
computers. This includes observation of unexpected non-
monotonic magnetization curves as has been seen before in
these types of analog QPU simulations on 1D ferromag-
nets [17], along with extraction of the spin structure factor,
which shows clear transitions of magnetic ordering during
the hysteresis cycles. The structure factor plots show a clear
antiferromagnetic ordering transition from ferromagnetic like
ordering when the systems are fully polarized, as well as
boundary effects. We have also demonstrated that the use of
statistics-balancing calibration on the analog quantum hard-
ware can improve the quality of the hysteresis simulations, as
demonstrated on full-hardware-graph antiferromagnets. One
of the primary results that we demonstrate is that for low-
coordination antiferromagnets (1D and 2D Ising models in
particular), under an appropriately tuned ratio of transverse
field (T") to lattice coupling (J), we can achieve full polar-
ization of the antiferromagnets. Furthermore, the subsequent
reversal resembles many of the key features of standard clas-
sical hysteresis in disordered, and even ferromagnetic, spin
systems.

Our measurements establish robust dynamical hysteresis in
programmable antiferromagnets across geometries. In 1D odd
rings, a built-in domain wall yields reproducible, steplike re-
versal under a transverse field. In 2D finite samples, boundary-
assisted switching and droplet growth are consistent with the
observed evolution of the spin-structure factor. The highly co-
ordinated hardware graphs suppress the ferromagnetic-like or-

dering, producing weak, near-minor loops. Overall, loop mor-
phology is set by a small set of tunable parameters—geometry
and coordination, the sweep protocol, and the ratio I'/J—
highlighting quantum annealers as controllable platforms for
exploring nonequilibrium antiferromagnetic dynamics. The
phenomena we quantify are reproduced on four different
D-Wave quantum processors. There are intrinsic noise differ-
ences and timescale differences on the different analog quan-
tum hardware, as well as different Hamiltonian energy scales.
Despite these differences, the hysteretic characteristics we
identify are robust across the different quantum processors.

Interestingly, some of the hysteresis experiments we
present in this study share some qualities with measured
magnetic hysteresis cycles in certain molecular magnets
[60]. Similarities between these analog open-quantum system
hysteresis experiments and molecular magnetic hysteresis de-
serves further investigation.

Future work can explore the dynamical origin of this
hysteresis, its potential relationship with the qubit quantum
dynamics, and also establish a closer connection with real
magnetic materials and compare results from quantum an-
nealers to those from laboratory experiments. Future studies
should also investigate additional calibrated antiferromagnetic
hysteresis cycle simulations (in particular of the couplers and
of the flux bias offsets), in particular on the 2D systems where
the antiferromagnetic order parameter data shows much larger
statistical fluctuations.

This computational capability of near term analog quantum
computers highlights that the full programmability of these
devices inherently gives us the capability to examine phe-
nomena which are hard to systematically study in magnetic
laboratories—in this case, antiferromagnetic hysteresis.
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APPENDIX A: D-WAVE HARDWARE A(s) AND B(s)
FUNCTIONS

Figure 11 plots the A(s) and B(s) schedules that define the
D-Wave hardware Hamiltonian in Eq. (1), which allows us
to then define physical ratios such as I' /J. This is important
specifically because all of the programmable units on the
D-Wave QPUs are specified in terms of hardware-normalized
parameters, and therefore it is necessary to extract the correct
energy scales of the D-Wave anneal schedules to show where
certain features of the magnetic hysteresis protocols appear
in physical units, for example, at what applied field does
magnetization reversal begin. Note that these frequencies are
not in angular frequency units.

APPENDIX B: FLUX BIAS OFFSET
BALANCING CALIBRATION

Due to the analog nature of the D-Wave quantum anneal-
ing hardware, it can be beneficial to calibrate the statistics
of physical quantities that can be measured from the an-
nealing simulations. In particular, analog errors and thermal
effects can result in biased quantities. In this study we
make use of a particular type of calibration procedure
which balances the statistics obtained from the full-hardware-
lattice-antiferromagnets. The update procedure used follows
Ref. [55], and in particular is effectively a type of parallel-
update steepest gradient descent machine learning process,
and is very much an autonomous analog control correction
procedure. This is reminiscent of gradient descent approaches
in the training of neural networks [61,62]. The hardware
control mechanism that is used here is the flux bias offset
(FBO) control of each individual qubit [63] which can force
the qubit to be biased towards spin up or down, and in this
case we very slightly update the FBO proportionally to the
size of the bias of the single-qubit magnetization (relative to
the mean of the distribution across all qubits). The statistics
balancing method in particular makes use of a correction
towards the mean sampled observable (M) across all spins;
in this case, we expect the net average magnetization to be
zero, and the noncalibrated distributions also have a mean
of approximately zero, which makes this correction method
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FIG. 11. Overlaid A(s) and B(s) hardware specific functions for
the four D-Wave QPUs used in this study. Note that the A(s) func-
tions on all four processors are effectively identical, which makes the
lines visually indistinguishable.

work quite well in this case because its primary action is to
reduce the variance of the measured single-spin magnetization
on the lattice. The magnetization FBO update is relatively
easy to perform because all of the qubits are in the same
observable “orbit” [55], meaning we expect on average the
magnetization of each qubit to be the same as all of the other
qubits. Note, however, that this balancing did not adjust the J
antiferromagnetic couplers; refining the programmed coupler
energy values is possible to adjust as well, however bound-
aries in the lattice mean that different observable orbits must
be constructed—which for the specific case of the highly com-
plex hardware graphs would make the calibration significantly
more computationally intensive in terms of total iterations and
also parameter tuning. Therefore, we focused on FBO calibra-
tion, which yielded improved magnetization curve stability.
This calibration procedure can in principle be applied to any
programmed Ising model on analog hardware, but it has been
especially useful for exploring sensitive phenomena, such as
quantum quench dynamics and fluctuations near thermody-
namic phase transitions. The FBO update rules applied to
each qubit are uniform across the entire lattice, i.e., the bulk
and edge qubits are treated identically, unlike in some prior
studies [15].

Figure 12 shows the distribution of average magnetization
per spin both before and after FBO statistics-balancing cal-
ibration. Figure 13 plots the values of the flux bias offsets,
for every qubit in the hardware graph, as a function of update
iteration, which in this case we terminate at a fixed iteration
count of 3000 in order to make the simulations tractable in
terms of compute time, and real-time backend usage. The flux
bias offset constant step size used was 2¢~° (the actual update
is proportional to the magnitude of the bias, and this is the
constant by which the bias is multiplied by). This specific
step size we found worked reasonably well from small scale
empirical testing; larger stepsizes could in principle correct
biases more quickly, but overcorrection and thereby numerical
instability in the convergence was frequently observed for step
sizes larger than ~2¢~°®. The calibrated FBOs used in the
subsequent hysteresis computations are simply the FBOs in
the final learning iteration. Time drift is an important consid-
eration in these D-Wave QPU computations (over long periods
of time, D-Wave simulations do change measurably [48]), and
therefore the complete set of hysteresis cycle data using the
calibrated FBO values (shown in Fig. 10) were run within
48 hr of this calibration, with the aim of minimizing the effect
of noise drift. At each update step, a total of 3000 anneal-
readout cycles were performed (all in one device job call),
and the subsequent update is performed using the (average)
magnetization values for every site on the hardware lattice
using all 3000 samples. Importantly, the anneal schedule used
in this calibration procedure was not the hysteresis protocol—
there was no anneal pause and no k-gain field. Instead, this
calibration was performed only on the standard linear-ramp
anneal schedule, using the final simulation time in the
hysteresis protocol (in this case, always 11.2 us). This means
the same FBO calibration (after the 3000 learning itera-
tions), for each QPU, was used for each I'/J and each
“slice” of the longitudinal field ramps. More advanced cal-
ibration, which is also more QPU time intensive, could
specifically calibrate each I'/J, and each longitudinal field
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FIG. 12. Single-site magnetization distributions, for each qubit in the hardware lattice, before flux bias offset calibration and after
calibration for a full antiferromagnetic lattice defined on the entire hardware graph. 3000 gradient descent steps were used in total, and the flux
bias offset step size is 2~ (with initial flux bias offset being uniformly zero). The standard deviation of the distribution of average single-site
magnetization before (iteration 0) and after (iteration 3000) the FBO calibration is noted in the legend; in all cases we see a decrease in the
variance of the single-site magnetization distribution, which is the goal of the statistical balancing process. Each iteration of this calibration
process, on each QPU, uses exactly 3000 samples. The flux bias offset quantity calibration is shown in Fig. 13.

sweep step. Interestingly, Fig. 12 shows that some of the
D-Wave processors are much easier to calibrate, presumably
meaning they are less noisy, such as Advantage_system4.1,
whereas Advantage_system7.1 appears to be the most
noisy and also exhibited the least debiasing when this cal-
ibration protocol was applied as evidenced by having the
widest magnetization distribution variance postcalibration.
This is also indicated by the flux bias offset quantities
as a function of iteration in Fig. 13, where we see that
specifically in the case of Advantage_system7.1 and
Advantage2_prototype2.6, some of the qubits did not con-
verge in their FBO values, whereas Advantage_system4.1
and Advantage_system6.4 appear to have converged more
quickly.

APPENDIX C: ADDITIONAL REPRESENTATIVE
MAGNETIC SPIN STRUCTURE FACTORS

This appendix provides several additional sequences of
averaged magnetic structure factors at various points along
various 2D antiferromagnetic hysteresis simulations. Fig-
ures 14-19 show additional sequences, each obtained from
different hysteresis cycles at various s values (equivalent to a
physical I'/J) and run on the several different D-Wave proces-
sors. In these structure factors, effects from the open boundary

conditions and finite lattice are prominent, particularly at full
saturation. In the less saturated regions of the hysteresis cy-
cles, the antiferromagnetic ordering becomes apparent with
peaks at (7, ) in the square lattice. Due to the consistently
applied longitudinal field, there is typically a strong peak at
(0, 0) which corresponds to ferromagnetic-like ordering, and
becomes much stronger at saturation.

The Hamiltonian energy scale ratio I'/J does change
the characteristics of the magnetic ordering. Figure 15
(left) shows ordering at a low longitudinal field strength
with M, =~ 0, where the peak at (0, 0) largely disappears.
This peak of ordering disappears because I'/J is strong in
Fig. 15, whereas Fig. 16 displays magnetic structure fac-
tors also near magnetization M, ~ 0, but here I'/J is very
weak, and this shows very different magnetic ordering com-
pared to Fig. 15 with peaks of antiferromagnetic ordering
along g, = £m,q, £ 7.

The general characterization we find is that qualitatively
the magnetic ordering, as revealed by |S(g)|, is similar across
the different physical experiment settings, including differ-
ent QPUs. In other words, there are no strong outliers that
would indicate a particular hardware issue, or an unexpected
magnetic ordering. The computation of the structure factors is
greatly accelerated by the Python libraries Numba and NumPy
[64,65].
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FIG. 13. Evolution of FBO values, for each single qubit in the hardware lattice, as the calibration process evolves up to 3000 iterations.
The Ising model being sampled during this calibration is a full antiferromagnet defined lattice, using every coupler of each of the D-Wave
hardware graphs. The initial flux bias offset starts at all zeros for all qubits, and each iteration has a maximum FBO step size of 2¢7°.
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FIG. 14. Magnetic structure factors |S(q)| heatmaps (bottom row) within the 2D antiferromagnetic hysteresis cycles (averaged over 100
independent samples), run on Advantage_system7.1 ats = (.7. The Ising model being simulated is a 33 x 33 grid of (antiferromagnetically
coupled) spins, with open boundary conditions. The top row shows the single hysteresis cycle in terms of M, average magnetization, from
which we extracted |S(g)| heatmaps for four points along the first longitudinal field sweep, denoted by cyan asterisks (the order of the cyan
asterisks have the same order as the |S(g)| heatmaps). The dashed white line on the structure factor heat maps outlines the first Brillouin
zone. The heat maps are log-scaled and scales are specific to each heatmap subplot. The order of the |S(g)| heatmaps follows the same sweep
direction denoted by the top hysteresis cycle plot (the SSF from the fully saturated regime is shown in the right hand subplot). Note the peaks
at the corner of the Brillouin zone denoting large antiferromagnetic clusters coexist with a growing peak at the center denoting magnetization.
The format of all other magnetic structure plots follow this same figure layout.

214425-15



PELOFSKE, SATHE, NISOLI, AND BARROWS

PHYSICAL REVIEW B 114, 214425 (2026)

1.0

0.5

Mz
(=]
o

1

—-0.5 -

-15 -10

Magnetic Spin Structure Factor

FIG. 15. Magnetic structure factors |S(q)| heatmaps (bottom row) within

Advantage_system6.4 ats = 0.65.

5 10 15

tructure Facto

Avgd. Magnetic Spin Structure Factor

2 2
10 " 10
10!
101 & 0
10°
100 7
107!

the 2D antiferromagnetic hysteresis cycles, run on

0.2

0.0 &

M,

—0.2

-15 -10

Avgd. Magnetic Spin Structure Factor

2n 2n
______ 10?
10t
& &
10°
17 [ T — _n
107
-2n -2n

FIG. 16. Magnetic structure factors [S(q)|

Advantage_system6.4 ats = (.8.

Avgd. Magnetic Spin Structure Factor

= 0 n

214425-16

Avgd. Magnetic Spin Structure Factor

heatmaps (bottom row) within the 2D antiferromagnetic hysteresis cycles, run on



PROBING ANTIFERROMAGNETIC HYSTERESIS ON ... PHYSICAL REVIEW B 114, 214425 (2026)

0.5
s 00 A &
=0.5 __/
1 1 1 T 1 1 1
-15 -10 -5 0 5 10 15
Avgd. Magnetic Spin Structure Factor Avgd. Magnetic Spin Structure Factor
H 102
10!
100

FIG. 17. Magnetic structure factors [S(g)| heatmaps (bottom row) within the 2D antiferromagnetic hysteresis cycles, run on
Advantage_system7.1 ats = 0.6.
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APPENDIX D: EXPERIMENT STANDARD DEVIATION MAGNETIZATION MEASUREMENT QUANTITIES

The majority of the statistical uncertainty is due to the finite sampling effect (e.g., shot noise). However, because the protocol
is fundamentally a sampling based protocol at intermediate slices of a continuous time computation, there is inherently some
additional statistical noise during any magnetic reversal regions of the net magnetization plots. In Figs. 20 and 21 we show the
standard deviation of several of the antiferromagnetic hysteresis cycles, which shows that overall the largest standard deviations
are at most ~0.035. Comparing the standard deviation measures to the magnetization curves in Fig. 2 and Fig. 5, typically when
I'/J is large (near s = 0.6, s = 0.7) and the system undergoes full reversal, near applied field H ~ 0 the standard deviation peaks.
This increase in variance at reversal is consistent with the stochastic effects of avalanche-mediated reversal and Barkhausen
jumps.
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FIG. 20. Standard deviation of the magnetization (o (M;)) measured observable from the hysteresis cycles reported in Fig. 2 of the 1D
antiferromagnetic rings with periodic boundary conditions.
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FIG. 21. Standard deviation of the magnetization (o (M;)) measured observable from the hysteresis cycles reported in Fig. 5 of 2D
antiferromagnetic square lattices with open boundary conditions.
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APPENDIX E: DOMAIN WALL DENSITY ON THE THREE OTHER D-WAVE QPUS

Figure 22 reports domain wall density during hysteresis cycles in the 1D (odd-spin ring) models from the remaining three

QPUs, using the same plot style as Fig. 4.
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FIG. 22. Domain wall density on the 1D antiferromagnetic rings during the hysteresis cycles as a function of applied longitudinal field
H. Left-hand column shows the total, average, domain wall density, regardless of the sign of the domain wall. Right-hand column shows the

spin-down ({ | ) domain wall density.
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APPENDIX F: 2D LATTICE NEEL ORDER PARAMETER QUANTITIES

We focus on the hysteretic region of s, and separate each hysteresis cycle by I'/J in order to make visualization clear.

Figure 23 shows that the staggered antiferromagnetic order parameter is nonzero, and that it also forms hysteresis cycles. Data
are from experiments on Advantage_system6.4. Figures 24-26 show the same set of data but from the other three quantum
annealing processors. The occasional hysteresis is very distinct from the ferromagnetic-like magnetization curves seen in Fig. 5;
for example, we see nonzero area between sweeps at s & 0.75, 0.55 in Fig. 23. Interestingly, at very small I'/J we do see
long-range antiferromagnetic ordering. This is expected because state transitions are much harder when the transverse field is
weak. However, the data for the staggered Néel parameter are significantly noisier than average net magnetization in Fig. 5. This
effect could in part originate in shot noise; also, the Néel order parameter could be more sensitive to hardware biases. In future
studies we will apply statistics-balancing calibration refinement [55] on the local fields and on the couplers to reduce the noise.
For the three devices where full magnetic M, saturation was reached, M, converges entirely to zero during the hysteresis cycle
for the values of s corresponding to maximal hysteretic area in M, (see Fig. 5).
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FIG. 23. 2D hysteresis cycles in terms of the antiferromagnetic order parameter M,. Data from Advantage_system6.4.
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FIG. 24. 2D hysteresis cycles in terms of the antiferromagnetic order parameter M. Data from Advantage_system4.1.

214425-21



PELOFSKE, SATHE, NISOLI, AND BARROWS PHYSICAL REVIEW B 114, 214425 (2026)

Ms

Ms

33x33 spins, Advantage_system7.1 33x33 spins, Advantage_system7.1 33x33 spins, Advantage_system7.1
1.0 4 1.0 4 1.0 4
5=0.6 5=0.65
r/)=0.00677 r/)=0.00176
0.5 0.5 0.5
0.0 s 0.0 s 0.0
-0.5 4 =055 -0.54 -0.54
r/)=0.02151
-1.0 T r r T T T -1.0 4 T r r T T T -1.0 4 T T r r T T
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
H H H
33x33 spins, Advantage_system7.1 33x33 spins, Advantage_system7.1 33x33 spins, Advantage_system7.1
1.0 § 1.0 5 1.0 §
_ s=07 _ s=0.75 o5
r/)=0.00037 I/ = 6.41249x10"" I "
0.5 0.5 0.5
ol ol
s=0.8
0.0 s 004 s 004 )= 8.6065x10-06
' I
PR
1.0+ T r r r T T -1.0 4 T r r r T T -1.0 4 T T r r T T
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
H H H

FIG. 25. 2D hysteresis cycles in terms of the antiferromagnetic order parameter M. Data from Advantage_system7.1.

26x26 spins, Advantage2_prototype2.6 26x26 spins, Advantage2_prototype2.6 26x26 spins, Advantage2_prototype2.6
1.0 4 1.0 4 1.0
5=0.55 5=0.6 5=0.65
054 r/)=0.01025 054 r/)=0.00322 054 r/) =0.00086
0.0 s 0.0 s 0.0
-0.5 -0.5 0.5
-1.04 T T T T T T T -1.04 T T T T T T T -1.04 T T T T T T T
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
H H H
26x26 spins, Advantage2_prototype2.6 26x26 spins, Advantage2_prototype2.6 26x26 spins, Advantage2_prototype2.6
1.0 1.0 4 1.0
5=0.7 5=0.75 5=0.8
~ 1)=0.00019 T T)/=3.37362x100% T T/=4.8462x10706
0.5 0.5 0.5
0.0 s 0.0 s 0.0
-0.5 AWM -0.5 -0.54
WWMM @Wﬁwmmww AAMAA AN AR rA NN AA N
-1.0-4 r T r r T r T -1.0+4 r T T r T r T -1.0-4 T T r . T T T
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
H H H

FIG. 26. 2D hysteresis cycles in terms of the antiferromagnetic order parameter M. Data from Advantage2_prototype2.6.

APPENDIX G: ADDITIONAL REPRESENTATIVE 2D SAMPLED CONFIGURATIONS DURING HYSTERESIS CYCLES

Figure 27 shows additional representative sampled configurations of the 2D antiferromagnetic model during a hysteresis

cycle.

FIG. 27. Selected real-space spin configurations sampled on the Advantage_system7 .1 QPU, illustrated as pixel plots where black pixels

denote spin-down qubit measurements and cyan pixels denote spin-up qubit measurements (top row), from the middle of the magnetization
reversal at various longitudinal field strengths of the first magnetic hysteresis sweep of a 33 x 33 2D square grid antiferromagnet at s = 0.7.
Notice that the checkerboard antiferromagnetic ground state emerges in sections of the lattices. Also notice that the boundary effects from the
open boundary conditions are noticeable in many of the measured spin configurations. Bottom row: Staggered domain height function t from
Eq. (13), corresponding to the same spin configurations on top, making the antiferromagnetic domains apparent.
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APPENDIX H: D-WAVE QUANTUM ANNEALER HARDWARE EMBEDDINGS

All Ising models that were used in this study were hardware-native embeddings, meaning a spin-to-qubit mapping was
uniquely defined for each model, for each D-Wave hardware graph. Figure 28 renders the 1D model embeddings, and
Fig. 29 renders the 2D model embeddings. Note that the hardware graph defined antiferromagnetic models do not require an
isomorphism embedding because they, by definition, use the entire hardware graph.
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FIG. 28. 1D ring embeddings on the four hardware graphs of the D-Wave QPUs (Advantage2_prototype2.6 top left,
Advantage_system4. 1 topright, Advantage_system6.4 lower left, and Advantage_system7. 1 lower right). Blue nodes and edges denote
qubits and couplers used in the model embedding. Gray nodes and edges denote hardware not used in the embedding. Missing couplers or

nodes from the hardware graph are inactive qubits/couplers that the user can not program (and in the case of Advantage_system7 .1, the full
Pegasus Py graph was used for the visual rendering).
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FIG. 29. 2D square grid, with open boundary conditions, embeddings on the four hardware graphs of the D-Wave QPUs
(Advantage2_prototype2.6 top left, Advantage_system4.1 top right, Advantage_system6.4 lower left, and Advantage_system7.1
lower right). Blue nodes and edges denote qubits and couplers used in the model embedding. Gray nodes and edges denote hardware not used
in the embedding. Missing couplers or nodes from the hardware graph are inactive qubits or couplers that the user cannot program (and in the
case of Advantage_system7. 1, the full Pegasus P graph was used for the visual rendering).
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