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We propose a skyrmion-based universal quantum computer. Skyrmions have the helicity degree of freedom in
frustrated magnets, where two-fold degenerated Bloch-type skyrmions are energetically favored by the magnetic
dipole-dipole interaction. We construct a qubit based on them. A skyrmion must become a quantum-mechanical
object when its size is of the order of nanometers. It is shown that the universal quantum computation is possible
based on nanoscale skyrmions in a magnetic bilayer system. The one-qubit quantum gates are materialized by
controlling the electric field and the spin current. The two-qubit gate is materialized with the use of the Ising-
type exchange coupling. The merit of the present mechanism is that external magnetic field is not necessary.
Our results may open a possible way toward universal quantum computation based on nanoscale topological

spin textures.

Introduction. The skyrmion is a classical topological soli-
ton in a continuum theory. The magnetic skyrmion has at-
tracted tremendous attention because it may be used for build-
ing spintronic applications [1-13] such as racetrack memory
and logic gates [14-16]. It is a two-dimensional swirling
spin texture in thin films. There is the helicity degree of
freedom associated with the direction of the swirling in frus-
trated magnets. The energies of skyrmions are degenerate
with respect to the helicity degree of freedom if the magnetic
dipole-dipole interaction (DDI) is neglected [17-21]. Actu-
ally, the helicity is locked to two-fold degenerate Bloch-type
skyrmions by the magnetic DDI [21, 22]. We also note that
skyrmions in frustrated magnets with certain perpendicular
magnetic anisotropy could be stabilized without applying ex-
ternal magnetic field [21, 23].

Although the skyrmion was initially introduced as a clas-
sical object, it must be a quantum object if the size of the
skyrmion is of the order of nanometers [24-28]. Actually,
skyrmions with atomic scale have been already experimen-
tally manufactured in frustrated magnets [29-34], where the
size is in the range of 3 nm - 10 nm. Most recently, it was
proposed [24] that a skyrmion in a frustrated magnet can be
used as a qubit based on the helicity degrees of freedom.

Quantum computation is expected to be the next-generation
computation [35-37]. It is realized in various systems in-
cluding superconductors [38], photonic systems [39], quan-
tum dots [40], trapped ions [41], and nuclear magnetic res-
onance [42, 43]. Universal quantum computation is neces-
sary for executing arbitrary quantum algorithm. The Solovay-
Kitaev theorem dictates that only three quantum gates are
enough for universal quantum computation [44—46]. They
are the 7/4 phase shift gate, the Hadamard gate, and the
controlled-NOT (CNOT) gate, where the former two opera-
tors are one-qubit operators and the latter one is a two-qubit
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operator. In principle, one can perform an arbitrary rotation of
the Bloch sphere based on these three quantum gates.

In this paper, we make the use of the two helicity states of a
Bloch-type nanoscale skyrmion in frustrated magnets, where
a linear combination of the two states is realized as a quantum-
mechanical state. Then, we show that universal quantum com-
putation is possible based on nanoscale skyrmion qubits by
explicitly constructing the three necessary quantum gates. Our
key observation is that the interlayer coupling between two
skyrmions produces the Ising interaction. It is a basis of the
CNOT gate. All qubit operations are executed by temporally
controlling the electric field and the spin current. A merit of
the present mechanism is that external magnetic field is not
necessary. Furthermore, the present system consists of an ar-
ray of skyrmions forming two chains in two layers, where the
number of skyrmions can be large. Our results may open a
way toward a skyrmion-based universal quantum computer.

Classical skyrmion in frustrated magnet. A skyrmion is a
centrosymmetric swirling structure of spins, whose collective
coordinates are the skyrmion center and the helicity n with
0 < n < 27. The spin texture located at the coordinate center
is parametrized as

m (z,y) = (siné(r) cos ¢,sin O(r) sin ¢, cos 6(r)), (1)
with
¢=¢+n+m/2 2)

where ¢ is the azimuthal angle (0 < ¢ < 27) satisfying x =
rcosp, y = rsinp. We note that there is a difference from
the conventional definition in Eq. (2) by the angle 7 /2.

There is a magnetic DDI in frustrated magnet. We have per-
formed [21] a numerical analysis of the energy of a skyrmion
parametrized by Eq. (1), and found that it depends on the he-
licity 0 as described by the effective Hamiltonian

Hy = —V cos 2n, 3)

where V' denotes a certain positive constant depending on the
magnitude of the magnetic DDI. We present the DDI energy
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FIG. 1. (al) and (b1) Illustration of Bloch-type skyrmions with the
helicity (al) n = 0 and (b1) 7 representing qubit states |0) and |1).
The arrow represents the spin direction. The in-plane spin compo-
nents are color coded by the rainbow color scheme. (a2) and (b2)
Spatial profile of the electric polarization of the Bloch skyrmions.
The color palette indicates the magnitude of the electric polarization
in Eq.(5). (c) Helicity dependence of the energy due to the magnetic
dipole-dipole interaction. (d) Electric field dependence of the energy.
The horizontal axis is the applied electric field in units of mV/nm.

of a skyrmion evaluated newly in Fig. 1(c). See more de-
tails in Supplemental Materials 1. Since the energy minimum
is achieved at 7 = 0 and 7, the helicity of a classical skyrmion
is locked at n = 0 or m, as illustrated in Figs. 1(al) and (b1).
It is used as a classical bit (|0) , |1)) corresponding to a pair of
n = 0 and 7, respectively.

When we apply a spin current, a helicity rotation occurs
from (|0}, 1)) to (]1),]0)). The effect is written in terms of
the Pauli operator acting on the qubit basis
—avy Jeurrent (‘1> <0| + |0> <1|) = —ajJcurrentO s

“)
where « 7 is a constant. Here we note that the current-induced
switching of the helicity of a frustrated skyrmion has already
been studied[21]. The required spin current Jeygen 1S Of the
order of 1 ;tA/nm?, where the switching time is ~100 [ps].

On the other hand, a noncollinear spin texture induces the
electric dipole [47],

Jeurrent

Jea

P, = _Tmeij

x (8; x S,), (5)

where 7 and j are the site indices, S; is the spin at the site
1, P;; is the electric dipole, e;; is the unit vector pointing
from the site ¢ to the site j, .J is the exchange coefficient, "a"
is the distance between the neighboring magnetic ions, "e" is
the electron charge and Egq is the magnitude of the spin-orbit
interactions. We have Jea/Eso = 4.86 x 102?[Cm] with the
use of J = 10[meV], e = 1.62 x 10~9[C], ¢« = 1nm and
Eso = 10[meV]

The total electric polarization is given by the sum of the
local electric dipole P = ) (i} P;;. It is coupled to the
electric field E, where the Hamiltonian is given by E - P. It
is numerically estimated as P = 0.598. The energy of a spin
texture under perpendicular electric field is estimated [48] by
using Hg, = E - P, where E = (0,0, E,) is a perpendicular
electric field and ag is a constant.

With the use of the skyrmion configuration (1) for .S;, we
show the spatial distribution of electric dipole in Figs.1(a2)
and (b2), which is calculated based on P = 3, ., P;; with
Eq.(5). The electric dipole is opposite between the two Bloch
skyrmions. For instance, we apply electric field locally in the
shaded triangle as in Figs.1(a2) and (b2). The energy differ-
ence between the two helicities is found to increase linearly as
a function of the applied electric field as in Fig.1(c). In terms
of the helicity, this is written as

Hp. = apE.o., ©)

because o, (|0),[1))t = (|0), —|1))!. We find from Fig.1(d)
that the required electric field is of the order of 0.2 [mV/nm].

Helicity qubit. When the size of a skyrmion is of the or-
der of nanoscale, it must become a quantum-mechanical ob-
ject which can be a linear superposition of the two helicity
states. Namely, the two Bloch-type states are lift up to form
a qubit (]0),|1)). We discuss how to manipulate this qubit.
On the other hand, we treat the position of the skyrmion cen-
ter as a classical object which we can handle classically in
this work. This is made possible by using an artificial pattern
about which we discuss in a section named pixelated skymion.

Unitary gates. The dynamics of the helicity is governed by
the Schrodinger equation

d
h— - H 7
ihg ) = H 1) ™
where the single qubit Hamiltonian is given by
H = —ajJanenos + apF.o,. (3

We solve Eq.(7) for a time-dependent Jeyren OF F,.

First, we set Joyrenr = 0 and agFE, (t) = h8/(2ty) for
0 <t < tpand E, (t) = 0 otherwise. The solution of the
Schrodinger equation reads

i i0
UZ (H)ZGXP _ﬁaz/ O[EEZ (t)dt = exp _Ea.z .
0

©))
This is the z-rotation gate by the angle 6.
Next, we set E, = 0 and «Jeygrent (t) = 16/2t for 0 <
t < to and Jeygent () = 0 otherwise. The solution of the
Schrodinger equation reads

Ux (0) = exp [=(i0/2)0.]. (10)



This is the x-rotation gate by the angle 6.
7 /4 phase-shift gate. The /4 phase-shift gate is realized
by the z rotation (9) by the angle —7 /4 as

Up = e /3U4(n /4), (11)

up to the overall phase factor e ~7/8.
Hadamard gate. The Hadamard gate is realized by a se-

quential application of the z and x rotations [49] as
UH = —iUz(F/2)Ux(7T/2)Uz(7T/2), (12)

with the use of Eq. (9) and Eq. (10).

Multi-qubit gates. We have so far analyzed a single
skyrmion for one-qubit gate operations. We now consider
a magnetic bilayer system with an array of skyrmions made
in such a way that no skyrmion is present above or below a
skyrmion as in Fig. 2(a), where the number m is assigned to
each skyrmion. Let the system contain /N skyrmions in total,
where IV can be very large in principle.

The m-th skyrmion presents the m-th qubit. In
general, multi qubits are given by |[s182---Sy) =
[s1)1]s2)2 - - - |sn) v, Where |s;), denotes the m-th qubit and
S; = O7 1.

Initially, all skyrmions are away from each other, and there
is no interaction between them. When two skyrmions in the
top and bottom layers approach one to another as shown in
Fig. 2(c), the exchange interaction begins to operate between
them. The interlayer coupling of the helicity is described by
the XY model,

Hinger (dm) = = Jing(di ) (ST SEmHD 4 80m) glmA 1)) - (13)

because ng) = 0, where d,, represents the horizontal dis-
tance between these two skyrmion centers.
Inserting Eq. (1) into this equation with § = 7/2, we obtain

Himer(dm) = —Jini(dm) cos (nm - 77m+1) . (14)

This exchange interaction is rewritten in the form of the Ising
interaction,

HiZto(dm) = =T (di)o ™ o0 (15)

The equivalence between Egs. (14) and (15) is shown by act-
ing them on the 2 qubits made of the m-th skyrmion and the
(m+1)-th skyrmion.

As mentioned above, the position of the skyrmion center is
treated as a classical object, which we can control externally.
We manually control d,,, as a function of time. Then, the time
evolution is given by

. to
U = exp [; | His im0

with d,,, = d,,(t) in Eq. (15). If we set
Jine (dm (£)) = RO/ 2t (17)

for 0 < t < tg and Jip (dr, (t)) = 0 otherwise, we obtain the
Ising coupling gate

UL (0) = exp|—i(6/2)0 ™ g™, (18)
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FIG. 2. Schematic illustrations of (a) the front view and (b) side view
of an array of skyrmions in a magnetic bilayer system for quantum
computing. We have numbered the skyrmion by the index m in (a).
(c) Schematic illustration of the front view showing that a skyrmion
is moved to the neighboring position for the Ising gate operation. (d)
Schematic illustration of the side view showing that skyrmions in the
bottom layer are driven to the readout positions.

acting on the 2 qubits.

We numerically estimate the exchange coupling Jiy(0),
which is the energy difference between the identical and op-
posite helicities, as Jiy(0) ~ 4.7 x 10722[J]. The operating
time is ~0.18 [ps], which is estimated based on (17). Details
are given in Supplemental Materials II.

CZ gate. 'The CZ gate is constructed based on the Ising
interaction, which is given by [50]

Uz = ™ UN (m)2) U (2 )2)Ups(—7/2),  (19)
where Uél) o ?)) is the Pauli-Z gate acting on the first (sec-
ond) qubit. See Supplemental Material III for details.

CNOT gate. The CNOT gate is constructed by a sequential
application of the CZ gate and the Hadamard gate

Usid = U UcUY, (20)
where Ul(f) is the Hadamard gate acting on the second qubit.
See Supplemental Material III for details.

Initialization. In order to execute quantum computation, we
need to prepare an initial state |00 ---0). We apply electric
field E, to all skyrmions, which resolves the degeneracy be-
tween the two Bloch-type skyrmions in each layer so that the
state |0) has the lower energy. By cooling down the sample,
each qubit falls into the ground state |0). Hence, after switch-
ing off the electric field, the system is initialized as |00 - - - 0).

Readout process. The bilayer system has a step-like struc-
tures as in Fig. 2(b), and a tunnel magnetoresistance detec-
tor placed upon each magnetic layer can read out the helic-
ity of the skyrmion underneath the detector [51]. After quan-
tum computation is over, the helicity of a skyrmions in the top
layer can be read out directly. With respect to the skyrmions
in the bottom layer, a current is applied to drive the skyrmions
toward the right side of the system as in Fig. 2(d), and then
the helicity is read out.

The helicity of a skyrmion could also be observed by using
the Lorentz transmission electron microscopy technique [12],
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FIG. 3. Current-induced helicity flipping of a frustrated skyrmion
confined in a square pinning pattern. (a) The helicity of the skyrmion
as a function of time. The current pulse j = 70 MAcm 2 is applied
for ¢t = 0 — 20 ps, followed by a relaxation of 180 ps. A relaxed
skyrmion with n = 0 is initially placed at the center of a sample with
19 x 19 spins. The skyrmion helicity is flipped to n = 7 after the
pulse injection. The lattice constant is ¢ = 0.4 nm. The parameters
are adopted from Ref.[21]. (b) Selected top-view snapshots show-
ing the flipping of the skyrmion helicity. We have set the enhanced
anisotropy K, = 1 in the area outside the dotted white square, where
spins are pinned upward.

the nitrogen-vacancy (NV) magnetometry [52] and the reso-
nant elastic x-ray scattering [53] combined with the FM reso-
nance measurements [54].

By observing the helicity, it is fixed either at n = O or 7
because they are two-fold degenerate ground states. The re-
sult is |sys2 -+ sy). This is a standard representation of the
readout process of quantum computation.

Pixelated skyrmion. In the present proposal, it is necessary
to control precisely the position of a skyrmion to make an ar-
ray of skyrmions as in Fig. 2(a). A precise control is also nec-
essary to execute the Ising gate operation. A recent theoretical
report has suggested that the position of a nanoscale skyrmion
could be digitalized by introducing a square-grid pinning pat-
tern in a thin-film sample hosting a skyrmion [55]. To be
specific, one can fabricate a sample where the easy-axis mag-
netic anisotropy is modulated with a grid-pattern landscape. A
skyrmion is trapped to this grid and thus its center is digital-
ized. Although this architecture was proposed for nanoscale
skyrmions in ferromagnets with Dzyaloshinskii-Moriya inter-
action [55], it would also be possible to apply it to the system
of nanoscale skyrmions in frustrated magnets. Then, the cen-
ter of the skyrmion is digitalized, as makes a precise control
of a skyrmion possible. The flipping process of the helicity
in a frustrated magnet with an appropriately patterned grid is
shown in Fig.3.

Finite temperature effects. The helicity of the nanoscale
frustrated skyrmion is switched by thermal effect. In Supple-
mental Material IV, we numerically demonstrate based on the
stochastic LLG equation[56] that the switching of the helicity

of a frustrated skyrmion between 1 = 0 and 1 = 7 is induced
by thermal fluctuations when the temperature is above 3.8K.

Discussions. We comment on the relevance to a recent the-
oretical report [24] on qubits based on skyrmions. First, al-
though both the mechanisms use the helicity of a skyrmion
as a qubit, its dynamical origin is quite different. Indeed, the
magnetic DDI plays an essential role in the present work but
is neglected in the previous report. We have used the fact that
the magnetic DDI term favors two different configurations of
Bloch-type skyrmions in frustrated magnets. Second, we have
argued how to perform universal quantum computation, but
this is not the case in the previous proposal. Third, the mech-
anism of the helicity control is quite different. In controlling
qubits, electric fields and spin currents are used in our pro-
posal, while external magnetic fields are used in the previous
proposal. The merit of our method is that it is easier to control
locally electric fields and spin currents than magnetic fields.
Furthermore, the present system is scalable to the large num-
ber of qubits, since it consists of an array of skyrmions form-
ing two chains in a magnetic bilayer, where the number of
skyrmions can be as large as possible.

The Bloch-type nanoscale skyrmion state has been found
in the frustrated centrosymmetric triangular-lattice magnet
GdyPdSis at low temperatures[22]. Other candidate materials
for hosting frustrated skyrmions would be triangular magnets
with transition mental ions[17], such as NiGayS4[57] [58],
a-NaFeO2[59] and dihalides Fe,Ni;_,Bro[60]. Besides,
PbyVO(PO, )2 has a frustrated square lattice with ferromag-
netic nearest-neighbor interaction in the new compound[61].
Most theoretical works on frustrated skyrmions are based on
a single layer or bulk of ferromagnet with exchange frustra-
tions. Our theoretical proposal will motivate experimental-
ists to manufacture a bilayer system based on frustrated mag-
nets. For example, one may be able to use frustrated van der
Waals ferromagnets to construct a bilayer structure hosting
skyrmions [62].
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