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Controlled creation of quantum skyrmions
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We study the creation of quantum skyrmions in quadratic nanoscopic lattices of quantum spins coupled
by Dzyaloshinkii-Moriya and exchange interactions. We numerically show that different kinds of quantum

skyrmions, characterized by the magnitude of their spin expectation values and strong differences in their
stability, can appear as ground state and as metastable excitations. In dependence on the coupling strengths
and the lattice size, the adiabatic rotation of magnetic control fields at the boundary allows for the creation of

quantum skyrmions.
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I. INTRODUCTION

Magnetic skyrmions [1] are twisted magnetic structures
which attract broad research interest due to their extra-
ordinary real-space topological properties [2] and their
potential usage in data storage devices [3—5]. Being character-
ized by nontrivial winding characteristics of the magnetization
[2], magnetic skyrmions show a remarkable stability against
local perturbations [6]. Skyrmion lattices have been exper-
imentally realized in bulk magnetic systems such as MnSi
[7], FegsCogps5Si [8], and FeGe [9] and at interfaces of, e.g.,
Fe/Ir(111) [10-13]. Furthermore, single magnetic skyrmions
can be created as metastable excitations via the injection of
currents [14-16], magnetic field pulses [17], and by tailored
boundary conditions [18,19]. Depending on the involved mag-
netic interactions, magnetic skyrmions range in size from
~1 pum in bulk systems to ~1 nm at interfaces [2,10,13].
While topological protection yields stability of large magnetic
skyrmions, smaller skyrmions can be more easily created or
annihilated by overcoming a finite energy barrier [20-22].
Also, quantum effects rise in importance for a decreasing
system size and spin quantum number. Considering quan-
tum corrections, further stabilization and decay mechanisms
influence the stability of a magnetic skyrmion [23,24]. On
the one hand, quantum spin fluctuations lead to a zero-point
energy that stabilizes skyrmions [23]. On the other hand,
quantum tunneling can open decay channels from a stable to
an unstable skyrmion configuration [24]. A purely quantum
mechanical treatment could numerically identify quantum
skyrmions in systems with Dzyaloshinkii-Moriya interactions
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(DMIs) [25,26] and in frustrated ferromagnets [27] even with-
out chiral interactions.

Quantum skyrmions have so far been defined by an adapted
classical lattice topological charge [28] using spin expectation
values [26] or by spin triple products [25]. Beyond the investi-
gation of ground-state properties, tunneling between quantum
skyrmion and ferromagnetic states due to the interaction with
electrons has been studied [26]. While the transition prob-
abilities between those two configurations are addressed, a
reliable procedure for creating quantum skyrmions has not
been proposed so far. From spin helices in one-dimensional
ferromagnetic chains, we know that classical and quantum
systems significantly differ in their behavior. While a classical
helix can easily be wound up by rotating one edge magnetic
moment [29], quantum spin slippage mostly prevents the cre-
ation of quantum helices [30]. In classical two-dimensional
ferromagnetic systems with DMI, rotating the boundary mag-
netization can create classical magnetic skyrmions [18].

In this paper, we explore the creation of quantum
skyrmions by manipulating the boundary magnetization of
a nanoscale lattice of quantum spin-1/2’s coupled by ferro-
magnetic exchange interactions and DMI. First, we classify
the ground state by its winding characteristics. Unlike in the
classical case, quantum skyrmions can be present at almost
vanishing DMI without frustration. Those skyrmions, how-
ever, have strongly suppressed spin expectation values and are
unstable against local perturbations, compared to skyrmion
states with larger DMI. Second, we present an adiabatic [31]
boundary rotation scheme that allows for a controlled creation
of metastable quantum skyrmions. We identify viable regimes
of creation by varying the DMI and exchange anisotropy.
Third, we analyze the stability of quantum skyrmions un-
der fluctuations of a local magnetic field and show that
pronounced spin expectation values of the individual spins
decrease the transition rates between states with different
topologies.

This paper is structured as follows. In Sec. II, we intro-
duce the studied quantum spin lattice coupled to a classical
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boundary. In Sec. III, we define two quantities to classify the
winding properties of the quantum states. Both approach the
lattice topological charge in the limit of classical spins but can
capture different properties of the quantum states and can in
combination be used to identify stable quantum skyrmions.
These quantities are used in Sec. IV to classify the ground
state by its winding characteristics. In Sec. V, we present the
adiabatic [31] boundary rotation scheme that we use to create
quantum skyrmions in a controlled manner. We further study
which interaction parameter regimes allow for the creation
process. In Sec. VI, the stability of quantum skyrmion states
under local magnetic fluctuation is discussed. Finally, we con-
clude our results and give an outlook in Sec. VII.

II. MODEL

We consider an N x N lattice of interacting quantum
spin-1/2’s coupled to classical magnetic control fields at its
boundary. The system’s Hamiltonian is

H=—J) (SIS;+5]S})) — A SiS;
(ij) (ij)

—DY (wij x 2)- (S; x ), (1)
(ij)

with the ferromagnetic Heisenberg exchange coupling J > 0,
the axial Heisenberg anisotropy A > 0, and the DMI strength
D, where u;; is a unit vector pointing from S; to S;. In Eq. (1),
Si = (57, S;V ,87) is a vector of spin operators if i indexes a
quantum lattice position and a vectorial control field of mag-
nitude 72/2 if i belongs to the boundary. The sum runs over all
pairs of nearest neighbors. A potential realization of the model
in a solid state system is nanoskyrmions in a Pd/Fe bilayer
island on Ir(111) decorated at the boundary by ferromagnetic
Co/Fe patches [32], where zero-field magnetic skyrmions by
boundary tuning were found very recently. Close-by mag-
netic islands, current-shifted helical magnetic domain walls,
or ferroelectric top layers ideally facilitate the desired creation
of skyrmions. Furthermore, the model applies to pseudospin
lattices, especially in ultracold atoms and noisy intermedi-
ate scale quantum computers, where full boundary control is
feasible by laser-induced Raman processes, real-time pulse
control, and the universal set of gates at the boundary qubits,
respectively.

III. QUANTUM SKYRMIONS

The question how to define a skyrmion on a quantum spin
lattice has been extensively discussed [25-27]. Realizing the
importance of topological arguments in skyrmion science,
we employ two quantities with different purposes that both
approach the established lattice topological charge [28] if the
quantum spins were replaced by classical magnetic moments,
in analogy to Gauyacq and Lorente [26]. These are

l'l,‘(l’lj X Ilk)

Q} 1 -1
= — t , (2
C 2 zd: an I+ (mn; +n;n; +mn;) @

where the sum runs over all elementary triangles formed
by nearest-neighboring lattice sites i, j, k. The winding pa-
rameter Q is computed with n; = 2 (S;) /i, where (S;) =

((S7), (S7), (ST is the spin expectation value or the clas-
sical magnetic moment. Q is in general a noninteger number
which decreases for reduced magnitudes of (S;). In contrast,
the topological index C relies on the normalized vectors n; =
(S;) /1 (S;) |. C takes into account only the angular winding
properties, irrespective of the magnitude of the spin expecta-
tion values, and is an integer for parallel boundary fields. We
define each state for which C = %1 as a quantum skyrmion
state. The different signs that appear in our results below stem
from inverting the polarization of the boundary fields and are
unrelated to antiskyrmions. In addition, the winding parameter
Q is an important indicator for the stability of a quantum
skyrmion state, as discussed in Sec. VI. Quantum skyrmion
states with Q =~ 0 are characterized by almost vanishing spin
expectation values and show a very low stability against local
perturbations, because minor changes in (S) can result in a
spin flip that alters the topological index. Sotnikov et al. [25]
considered the scalar chirality oc(S;[S; x Si]) for identifying
quantum skyrmions. We find that the qualitative features of
QO and the scalar chirality coincide, rendering both a good
indicator of quantum skyrmions. Figures 1(a)-1(c) show ex-
ample configurations of spin expectation values of a 3 x 3
quantum spin system which differ in Q and C. The first con-
figuration is a ferromagnet with | (S;) | ~ i/2,0 =0,C = 0.
The second and third configurations are quantum skyrmions
(C = —1) which differ significantly in Q, having O = —0.994
and Q = —0.034, respectively.

IV. GROUND-STATE DIAGRAM

We consider the model in Eq. (1) where all boundary fields
point downward. Using exact diagonalization [31], we char-
acterize the ground state in dependence on D and A by the
corresponding winding parameter Q and topological index C.
We further consider the (average) central z-spin expectation
value (S$%). = N% Y ice (S7), which sums over the N, central
spins, with N, =1 (4) in the 3 x 3 (4 x 4) lattice, respec-
tively. For these small lattices, (S°), is a useful indicator for
skyrmion structures at D # 0, as (S%). > 0 corresponds to
a quantum skyrmion and (S%). < O to a trivial state. This
yields the ground-state diagram shown in Figs. 1(d) and 1(e)
for a 3 x 3 and 4 x 4 quantum spin-1/2 lattice, respectively.
The overall influence of the interactions can be explained
qualitatively. Larger axial anisotropy A leads to a stronger
spin polarization along the z direction due to the parallel
boundary fields and favors a ferromagnetic spin orientation
(Q =0,C = 0). Larger DMI D favors a noncollinear magne-
tization at adjacent sites, reducing the energy of a quantum
skyrmion state (Q &~ —1, C = —1). The regime of small D
and A is characterized by strongly decreased spin expectation
values such that Q and C can differ significantly. Several
energy-gap closures indicate energy-level crossings in the
instantaneous spectrum of H [Eq. (1)] when A is changed.
Each gap closure gives rise to a changed ground state. It is
noteworthy that quantum skyrmions appear even for D — 0,
which are, however, characterized by Q ~ 0 and the ground-
state properties are very sensitive to small changes of D and
A. In a classical magnetic system with exchange interactions
and DMI, isolated skyrmions in confined geometries need
a minimal DMI to form a (meta)stable state, if no other
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FIG. 1. Ground states of quantum spin lattices coupled to classical control fields at the boundary. (a)-(c) Spin expectation values (red
arrows) of a 3 x 3 quantum spin lattice surrounded by a boundary of parallel control fields (black arrows) for representative DMI strengths
D and exchange aniostropy A: (a) ferromagnet at D = A = J; (b), (c) quantum skyrmions (C = —1) at D =J, A =0.5J, and D = 0.5/,
A = 0.3/, respectively. (d), (e) Ground-state diagram in the 3 x 3 and 4 x 4 quantum spin lattice, including the (average) zcomponent of the
spin expectation value of the central spin(s) (S°),, the winding parameter Q, and the topological index C. The pattern corresponding to Q has an
opacity determined by the value of Q. The value of Q determines the opacity of the corresponding pattern. The black lines mark a degeneracy
(dE < 1072J) of the ground state. White squares mark the boundary of the regime where classical skyrmions are the ground state in lattices of
magnetic moments of the same system size. Quantum skyrmions can appear as ground state for infinitesimal DMI in contrast to their classical

counterpart

effects such as frustration appear. This is known for skyrmions
on a nanodisc [14]. We further used Monte Carlo simula-
tions (see Appendix) to verify that classical skyrmions are
only the ground state for D > 0.4/, see white squares in
Figs. 1(b) and 1(c).

For small D and A, no energy-level crossing is necessary
to change the topological index C [Figs. 1(d) and 1(e)]. Under
a change of D or A, (5%). can shrink to zero and regrow in
the opposite direction, which leads to a change of C. This
behavior is in contrast to noninteracting gapped electronic
systems, where the topological properties can only change
by energy-gap closures [33], but is due to the fact that the
topological number is constructed from the spin expectation
values here instead of the Hamiltonian. In agreement with
Ref. [26], we find a shift of the skyrmion ground states to
smaller D if the system size is increased.

V. ADIABATIC CREATION OF A QUANTUM SKYRMIONS

In a classical magnetic system, a magnetic skyrmion can
be created by a rotation of the magnetization of one of the
sample’s edges [18]. Here, we explore whether a similar
controlled creation of quantum skyrmions is possible. We
first consider the 3 x 3 quantum spin lattice with isotropic
exchange (A =J) and D = J. Initializing the system in the
ferromagnetic ground state, the boundary fields are rotated

adiabatically with

S, = (:I:%E sin(6), # sin(6), _71 cos(@)), 3)

where 0 < w; < 1 are position-dependent weights and i €
boundary. Various choices of the w; can lead to a successful
creation of a quantum skyrmion (see Appendix). For concrete-
ness, we focus on a symmetric rotation of all edges shown
in Fig. 2(a) with values of the w; given in the Appendix.
This rotation creates a quantum skyrmion with Q = 0.799 at
0 = m [Fig. 2(a)]. The process is also shown in the Supple-
mental Material video [34]. The corresponding evolution of
the instantaneous energy spectrum is depicted in Fig. 2(b).
The adiabatically evolved ground state crosses the first excited
state taking the second position in the energy spectrum at
6 = m, thereby transforming into a quantum skyrmion (C =
1). During the first half of the rotation, the spin expectation
values stay close to their maximal magnitude of 7/2. Upon
continuing the rotation, the central spin expectation value
vanishes, which leads to a change from a skyrmionlike to a
trivial configuration (C = 0, C not quantized due to nonparal-
lel boundary fields). At6 = 2, the ground state is back in the
ferromagnetic initial configuration. Notice that an exact level
crossing here amounts to changing eigenvectors, in contrast to
a usual Landau-Zener-Stiickelberg transition, where the case
of exact crossing corresponds to unchanged eigenvectors.
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FIG. 2. Adiabatic evolution of a 3 x 3 quantum spin lattice during the adiabatic rotation of the boundary fields [Eq. (3)]. (a) Magnetic
configuration at representative angles 6 for D = A = J. A quantum skyrmion is created at 8 = 7 and destroyed at & = 1.02x. (b) Angle

dependence of the energy eigenvalues E and adiabatic evolution for D =

A = J. Highlighted are the ground state (yellow) and the first excited

state (green). Same color denotes adiabatically connected states. Vertical lines mark the angles shown in (a). (c) D = 0 and A = J. Vertical
lines mark the degeneracy induced by the symmetry U [Eq. (4)]. (d) D =0 and A =J in a 4 x 4 lattice. Here, the symmetry U does not

induce a degeneracy of the ground state.

A different choice of the interaction parameter D influences
both the initial configuration of the quantum states as well
as the system’s evolution under the rotation. For isotropic
exchange (A = J), the crossing between the ground and the
first excited state persists for all considered values of D.
However, a quantum skyrmion is only created in the regime
0.94J < D < 1.14J, where the ground state is initially trivial
and the first excited state is a skyrmion. The energy evolution
for D = 0 is depicted in Fig. 2(c). For D = 0, an energy level
crossing is caused by the unitary symmetry

U= Px@yUrot’ (4)

which commutes with H for € = /2 and 6 = 37 /4. Here,
Ui = exp(irr\/l§ Z<i,j>(Sj‘ + S;)) is a spin rotation by an
angle m around the axis «/LE(I’ 1,0)7 and Py, is a permuta-
tion matrix which exchanges the quantum spins at positions
i=(x,y) and j = (y,x). This symmetry is not present for
D # 0. However, the crossing persists for all values of D in
extensive numerical search, only being shifted to larger twist-
ing angles 0 for increasing D. Hence, the degeneracy of the
ground state at some twisting angle is a generic property for
isotropic exchange despite the lack of symmetry protection.
Quantum skyrmions can also be created for anisotropic
exchange (A # 0). For A close to J or large D, the system’s
behavior under a rotation stays the same, leading to the cre-
ation of a quantum skyrmion if the first excited state is initially
skyrmionic. Figure 3(a) depicts the change of the topolog-
ical index dC = |C(0 = )| — |C(6 = 0)|, defining regimes
of quantum skyrmion creation and destruction. Further, states

beyond the first excited state can be reached by the adiabatic
evolution of the ground state. For A < 0.7J, Figure 3(b)
shows that states up to the third excited state are reached at the
twisting angle 8 = . However, these states are not quantum
skyrmions, see Fig. 3(c). We further find that, for A > 2, the
avoided crossings with energetically higher states decrease
in size, requesting decreasing step size in the simulation.
For D = 0, the crossings with energetically higher states are
still explained by the symmetry U [Eq. (4)]. For anisotropic

AC e (D) (c)
(a) 1.6
1.7 - ]z d10
’\ ~
3 < i
1 0.5 2 0
0.7 1 -1

07 1D/J 17 2 0 D/J 020 DJJ 02

FIG. 3. (a) Regime of creation and destruction of quantum
skyrmions. Depicted is the difference dC in the absolute value of
the topological index of the adiabatically evolved ground state for
the 3 x 3 quantum spin lattice. dC = 1 corresponds to the regime of
quantum skyrmion creation at a twisting angle 6 = 7, dC = —1 to
a regime of quantum skyrmion destruction. The ground state always
reaches the first excited state in the parameter regime shown in (a).
(b) Position P, corresponding to the Pth excited state that the adia-
btically evolved ground state reaches in the instantaneous spectrum
at @ = . (c) Skyrmion creation for low D.
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[';« [Eq. (6)] between two eigenstates |¥;) and |W) of the unperturbed Hamiltonian and the O—

and C— values for those states in a 3 x 3 quantum spin lattice affected by independent magnetic fluctuation at each site for (a) D = 0.7/,
A = 0.8/ and (b) D = 0.2J, A = 0.5/, respectively. Quantum skyrmions with a large magnitude of Q and ferromagnetic states with (S) ~ %

have suppressed transition matrix elements.

exchange far from A ~ J, we find that the number of cross-
ings is not constant but varies with D.

Not all rotation schemes result in a successful quantum
skyrmion creation, see Appendix. In contrast to classical
systems [18], it is in general not sufficient to rotate the mag-
netization of one edge of the quantum spin lattice, as then,
required energy level crossings appear only at isolated inter-
action parameters, see Appendix.

We further explore the possibility to create quantum
skyrmions in the 4 x 4 lattice, considering a symmetric edge
rotation [Eq. (3)]. Compared to the 3 x 3 lattice, the system’s
behavior is rather different. For D = 0, the Hamiltonian obeys
the same symmetry U [Eq. (4)] at 8 = /2 and 6 = 37 /2.
This does, however, not lead to a degeneracy of the ground
state [see Fig. 2(d)] but leaves it invariant. For isotropic
exchange, this absence of level crossings is numerically
generic (see Appendix), preventing the creation of quantum
skyrmions. This generality is lost for anisotropic exchange,
where we find exemplary gap closures for specific A and D.

VI. STABILITY OF QUANTUM SKYRMIONS

One of the reasons why classical magnetic skyrmions are
promising candidates for technological applications is their
robustness against local perturbations (see Refs. [2,6]). Here,
we study the stability of quantum skyrmions against small
time-fluctuating magnetic fields B;(t) that couple locally to
each spin S; of the system. This is described by the per-
turbation Hamiltonian H}, ; = B} (t)S}, with the coupling
constant «. To compute an upper bound of the transitions
matrix elements between the two considered quantum states
|[¥;) and |W), we make the following two approximations.
First, we assume that the local magnetic fields fluctuations
are spatially uncorrelated. According to Fermi’s golden rule,
the transition rates induced by a single of these fields then is
2B UOF | |54 Wy) [2, where B;(j, k) is the Fourier com-
ponent of the time-dependent magnetic field at the frequency
that corresponds to the energy difference of the eigenstates
|W;) and |Wy). Second, one B (j, k) is maximal, i.e., Byax =
max; j i, (Bg\( J,k)), which we take to calculate an upper

bound for the transition rates:
sk 27 |agmax |2
Vik = 7
Consequently, an upper bound of the total transition rate is
computed by summing up the individual contributions accord-

ing to
S
Tik=Y ¥ie (6)
A

In Fig. 4(a), we depict the upper bounds of the transition rates
' x between the nine energetically lowest states of a 3 x 3
quantum spin lattice with D = 0.7/ and A = 0.8/, together
with the winding parameter Q and the topological index C.
The data include quantum skyrmion states (C = —1), which
differ significantly in their Q value. In comparison to other
states, the third excited state with Q = —0.77 has strongly
suppressed transition rates. The only significant transition
takes place in the fifth excited state, which is a quantum
skyrmion state with nonvanishing Q as well. In contrast, the
fifth and eighth excited states, which are as well quantum
skyrmions but with small Q, exhibit significant transition rates
into trivial states (C = 0). The reduced stability of quantum
skyrmions with |Q| <« 1 is also apparent in Fig. 4(b) for a
3 x 3 lattice with D = 0.2J and A = 0.5J. There, the second
excited state, which is a quantum skyrmion with Q = —0.01,
has frequent transitions into the trivial ground state. Not only
quantum skyrmion states, but also ferromagnetic states with
large (S) show an increased stability as, e.g., the fifth excited
state in Fig. 4(b).

In conclusion, we see that both quantum skyrmion and
trivial states with pronounced spin expectation values (S) ~
li/2 show decreased transition rates, signifying a robustness
against external magnetic fluctuations. However, they still
show nonvanishing transitions into states with the same C.
Thus, a stepwise decay process could take place.

| (W, SH W) |2 ®)

VII. CONCLUSION

We explore the controlled creation of nanoscale magnetic
skyrmions in a quadratic lattice of quantum spins coupled
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by DMI and exchange interactions manipulated by control
fields at the boundary. In contrast to classical systems without
frustrated magnetism, a quantum skyrmion can be the ground
state even for infinitesimal DMI. The appearing quantum
skyrmions are characterized by significant differences in the
magnitudes of their spin expectation values and show large
differences in stability. Quantum skyrmions can further be
created as metastable excitations from a ferromagnetic ground
state by a tailored adiabatic rotation of the boundary fields.
For isotropic exchange, necessary energy-level crossings are
numerically generic in the 3 x 3 lattice and protected for
D =0 by a unitary symmetry. Instead, in the 4 x 4 lattice
with isotropic exchange, we find a generic absence of level
crossings, preventing the creation of topologically nontrivial
spin structures. It would be interesting, even though numeri-
cally challenging, to generalize the findings of the 3 x 3 and
4 x 4 lattices to larger lattices. We show that the transition
between quantum states of different C with pronounced spin
expectation values is significantly reduced. The controlled
creation of quantum skyrmions is a prerequisite for quantum
skyrmion applications. For classical skyrmion memory de-
vices, it is necessary to know whether the stability and control
of skyrmions persists when entering the quantum regime.
Also, beyond classical skyrmion applications, the proposed
concept allows for a controlled switch between two quantum
states with different topological properties.
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APPENDIX A: METHODS

1. Adiabatic evolution

An adiabatic process is a change of a Hamiltonian that is
infinitely slow such that, if the quantum system is initially
in an instantaneous eigenstate of the system, it remains in
the corresponding instantaneous eigenstate over the course
of changing the Hamiltonian. In the main text, we study the
adiabatic evolution of the system’s ground state. The method
we apply is based on the adiabatic evolution operator K(s)
introduced by Kato in Ref. [31]. K(s) adiabatically propagates
an initial state |¢,(0)) to |¢,(s)), where s is a parameterized
time ranging from O to 1. For infinitesimal time steps §, K(s)
can be expressed in terms of projectors P(s) = |¢,(s)) (¢,(s)]
of the instantaneous eigenstates as

s/8

K(s) = }iLI})HP(n .8). (A1)
n=0

This allows us to simulate the adiabatic evolution by con-
secutively applying projectors to |¢,(0)). In our simulations,
we consider a discrete step size € instead of infinitely small
steps. We consider the overlap of two quantum states |¢,)
and |@,,) as S,.m = (@Pn|®m) to identify on which instantaneous

eigenstate |¢,(0)) needs to be projected. In the limit € — O,
the overlap of the instantaneous state and its adiabatic suc-
cessor is always 1 while it is O with all the other states. For
finite €, the overlap in general takes values between 0 and 1.
For our simulations, we chose € such that the overlap of the
ground state is >0.98 that corresponds to an € between 0.1 and
0.01, depending on the interaction parameters. We chose the
eigenstate with the largest overlap as the adiabatic successor.
If a degeneracy occurs, which we numerically assume when
the energy difference between two states is below 1073/, the
projection is performed on the degenerate subspace.

2. Calculation of the topological phase boundary
for classical 3 x 3 and 4 x 4 spin lattices

To understand the peculiarity of the quantum skyrmionic
ground states with D &~ 0 shown in Fig. | in the main text,
we resolve the parameter boundary between skyrmionic and
ferromagnetic ground states in 3 x 3 and 4 x 4 lattices of
classical spins as well. To do so, we implement the Hamil-
tonian in Eq. (1) of the main text for classical spins of a fixed
magnitude, determine the ground state by a zero-temperature
Metropolis algorithm [35], and calculate the corresponding
the topological index C in dependence on the DMI D and
the Heisenberg anisotropy A. Within the zero-temperature
Metropolis algorithm, we start with three different initial
states: a random spin configuration, a ferromagnetic spin
configuration pointing in the (0,0, —1) direction, and a
skyrmionic configuration as shown in Fig. 1(b) in the main
text. In each iteration, we change all spins uniformly randomly
on the unit sphere with maximal absolute change of 0.02
in each direction. We can use the unit sphere here instead
of a sphere with radius 7i/2 because a global factor only
rescales the energies, leaving the ground-state characteristics
unchanged. We evolve the algorithm for s = 10000 steps
and ensure its convergence by having a negligible change of
the average energy well before s iterations are reached. The
local minima that are reached are compared and the one with
minimal energy is regarded as the system’s ground state. To
resolve the change in the topological number, we perform
a binary search in D for A =0,0.1,0.2, ..., 1.2 with seven
steps, resulting in an error bar of 0.015625 in the D direction.

APPENDIX B: DIFFERENT ROTATION SCHEMES

1. Four-edge rotation

We have shown in the main text that a quantum skyrmion
can be created in a 3 x 3 quantum spin lattice for a range of
interaction parameters if the magnetization at all boundaries
is rotated via

Si = (£3/wisin(9), £3+/1 — w;sin(9), —3 cos(9)).

B1)
The weights w; we use for the simulation depend on the
position i at the boundary. For the edge where x =0
or x=4 and y from O to 4, the corresponding weights
are W = (wg, wy, wo, w3, wy) = (1/2,2/3,1,2/3,1/2) cor-
responding to the y position. For the edge where y =0 or
y =4 and x runs from O to 4, the corresponding weights are
W =(1/2,1/3,0,1/3,1/2), corresponding to the x position.
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FIG. 5. Adiabatic evolution of the low energy eigenstates of the 3 x 3 quantum spin lattice under a rotation of the magnetization of one
edge. (a) Adiabatic evolution for D =J and A =J. As for most interactions, the ground state does not exhibit an energy crossing with
energetically higher states. Thus, no skyrmion is created. (b) Energy evolution for D = J, A & 0.943. The gap closes and a quantum skyrmion
is created at @ = 2m. (c) Evolution of the minimal energy gap dE.,;, between the ground state and the first excited state during the rotation
over the exchange anisotropy A and for D = J. We find a gap closure for four different values of A.

This corresponds to an exchange of the x and y components
of the edge magnetic moments in dependence on the edge.
The given choice of weights is not the only one to create a
quantum skyrmion. To our knowledge, all rotation schemes
that fulfill the following prerequisites induce the necessary
energy-level crossings in the 3 x 3 lattice. First, the rotated
boundary magnetic moments need to have no z component
of the magnetization at the angles 6§ = /2 and 0 = 3w /4.
This condition is met by the class of rotations of four edges
described by Eq. (B1). Second, the rotation needs to be Cy,
symmetric, regarding a rotation around the z axis, i.e., the
boundary magnetization is invariant under a rotation by 7 /2
around the z axis. Thus, also, e.g., a uniform rotation with
W = (wo, wi, wp, w3, wy) = (1,1,1,1, 1) at the edge with
x=0orx=4andW = (0,0, 0, 0, 0) for the edge withy = 0
or y = 4, leads to the same qualitative results as the symmetric
rotation and a quantum skyrmion can be created after half a
rotation for appropriate interaction parameters.

The weights we used for the boundary rotation for
the 4 x 4 lattice are W = (wg, wy, wy, W3, Wy, W5, We) =
(0.5,0.6,0.8,0.8,0.6,0.5) for the edge at x =0 or x =6
and W = (0.5,0.4,0.2,0.2,0.4, 0.5) for the edge at y = 0 or
y = 6. Also, for the 4 x 4 lattice, different weights that fulfill
the necessary prerequisites introduced for the 3 x 3 lattice
lead to the same qualitative results as discussed in the main
text and in Appendix C.

2. One-edge rotation

A classical magnetic skyrmion can be created starting from
a ferromagnetic initial state by a rotation of the boundary
magnetization at only one edge, see Ref. [18]. In a quantum
spin lattice, in contrast, we find that quantum skyrmions can,
in general, not be created by an adiabatic rotation of only one
edge. We rotate the magnetization of one edge according to
Eq. (B1) and with W = (1/2,1/3,0,1/3,1/2). If only one
edge is rotated, neither of the two conditions to induce a
level crossing is met. In Fig. 5(a), the energy evolution during
the one-edge rotation for D = A = J is depicted. No level-
crossings occur, i.e., no quantum skyrmion state is reached.
Only for special values of the exchange anisotropy A, the
energy gap between the ground and the first excited state
closes, as shown in Figs. 5(b) and 5(c). Only with an instan-
taneously closed energy gap to the ground state a change in

the spin configuration can be obtained after the rotation. The
two energetically lowest states remain separated from the rest
of the spectrum. For D = J, A = 0.943J, the rotation creates
a quantum skyrmion. For the other parameters that induce an
energy-level crossing, a change between two different states
with equal C occurs. Other rotation schemes of the magneti-
zation of one edge show the same qualitative behavior. The
values of A at which the energy gap closure appears vary
slightly for different rotation schemes.

APPENDIX C: QUANTUM SKYRMION CREATION
IN THE 4X4 QUANTUM SPIN LATTICE

We numerically find that creating quantum skyrmions in
the 4 x 4 lattice with isotropic exchange (A = J) is impossi-
ble with the presented symmetric rotation scheme. For D = 0,
the ground state is not degenerate at the rotation angles 6 =
/2 and 6 = 37 /4. There is no crossing of the ground state
with higher lying energy levels for nearly all studied values of
D, as shown in Fig. 6. The only exception is D & 0.82J, which
induces an accidental degeneracy of the two energetically
lowest states already prior to the rotation. In contrast to the
3 x 3 lattice, no quantum skyrmion can be created with the
presented rotation scheme for isotropic exchange.

0.04 "

Hmin

/2

dEmin/J

0 :
0 02 04 06 D/J 1 12 14 16

FIG. 6. Minimal energy gap dE;, between the ground state and
higher lying states and the corresponding angle 6, at which it ap-
pears. We consider the 4 x 4 lattice with isotropic exchange (A = J)
for different DMI strengths D. The energy gap closes at only one
value of the interaction parameter D ~ 0.82J at 6 =0 and 6 = &.
Thus, it is not a consequence of the rotation but a degeneracy caused
by the specific combination of interactions.
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