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A magnetic skyrmion observed experimentally in chiral magnets is a topologically protected spin texture. For
their unique properties, such as high mobility under current drive, skyrmions have huge potential for applications
in next-generation spintronic devices. Defects naturally occurring in magnets have profound effects on the static
and dynamical properties of skyrmions. In this work, we study the effect of an atomic defect on a skyrmion using
the first-principles calculations within the density functional theory, taking MnSi as an example. By substituting
one site of Mn or Si with different elements, we can tune the pinning energy. The effects of pinning by an atomic
defect can be understood qualitatively within a phenomenological model.

PACS numbers: 12.39.Dc,73.20.Hb,71.15.Nc

I. INTRODUCTION

A skyrmions in magnets is a spin texture with a topologi-
cal charge N =

∫
d2rn · (∂xn × ∂yn)/(4π) = ±1, where the

unit vector n represents the direction of local magnetic mo-
ments. Skyrmions in chiral magnets without inversion sym-
metry were predicted in 19921 and were later discovered in
MnSi by small angle neutron scattering.2 Real space imaging
by Lorentz transmission electron microscopy was performed
in thin films and has revealed a detailed spin arrangement in an
individual skyrmion3. Furthermore a dilute gas of skyrmions
was observed near phase boundary between the skyrmion lat-
tice and ferromagnetic state, where the systems undergo a
first-order phase transition between these two states. Since
then skyrmions have been observed in many compounds, in-
cluding magnetic metals,2,3 semiconductors4 and insulators,5,6

suggesting that skyrmions may be ubiquitous in magnets.
In these magnets, the spatial inversion symmetry is broken,
where the Dzyaloshinskii-Moriya (DM) interaction7–9 is re-
sponsible for the stabilization of skyrmions. Because of the
weakness of the DM interaction compared to the ferromag-
netic exchange interaction, the size of skyrmion is much big-
ger than the atomic lattice constant and is typically about tens
of nanometers.

Skyrmions can be manipulated by various external fields,
such as electric and magnetic fields, temperature gradient and
electric current etc.10–15 The ability to drive skyrmions by an
electric current is particularly interesting from the viewpoint
of spintronic applications. Remarkably the threshold current
to drive the skyrmion is about 106 A/m2 which is about 5 to 6
orders of magnitude weaker than that for a magnetic domain
wall.10–12 There are several interesting theoretical proposal to
utilize skyrmions in memory devices.16–18 To this end, it is
crucial to understand and control the dynamics of skyrmions.

Defects occurring naturally in real materials provide a pin-
ning barrier for skyrmions and is responsible for the exper-
imental observed threshold current to drive skyrmions into
motion. Similar to vortices in superconductors19, defects im-
pact the behavior of skyrmions both in equilibrium and dy-

namically, such as arrangement of skyrmions and direction of
motion of skyrmions. For applications, it is necessary to con-
trol the energy landscape generated by defects. For instance,
one needs to pin skyrmions at a desired position in the mem-
ory applications. Therefore, it is required to understand origin
of pinning of skyrmions by defects. There are several work,
where the effects of defects were modeled phenomenologi-
cally,20–22 but the microscopic mechanism of pinning effect
has not been considered. In this work, we address this issue
by performing the first-principles calculations within the den-
sity functional theory (DFT). We study the effect of an atomic
defect on a single skyrmion by focusing on the prototypical
skyrmion-hosting materials MnSi as an example. We show
that the defect energy landscape can be tuned by substitution
of Mn or Si with different elements. The impurity modifies
the local electronic density of states (LDOS) and spin-orbit
coupling, which in turn change the interactions between mag-
netic moments. We then provide a qualitative understanding
of the pinning effect based on a phenomenological model.

II. METHOD

The cubic primitive cell (lattice constant= 0.4559 nm) of
MnSi, which belongs to the P213 space group symmetry, is
displayed in Fig. 1(a). The primitive cell has 4 Mn and 4 Si
atoms without an inversion center. The lack of an inversion
symmetry together with the spin-orbit coupling gives rise to
the DM interaction. There is also ferromagnetic exchange
interaction between Mn atoms due to the double-exchange
mechanism mediated by conduction electrons. The compe-
tition between the weak DM interaction and exchange inter-
action stabilizes a long wavelength magnetic normal spiral
in the ground state, with a pitch period λ =18 nm in bulk
and 8.5 nm in thin films. In bulk, the normal spiral becomes
the conical spiral state under moderate magnetic field of the
order of 0.1 Tesla in the most region of the magnetic field-
temperature phase diagram. Near TN = 30 K, a triangular
lattice of skyrmion is stabilized in a small region of the phase
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FIG. 1. (color online) (a) Primitive unit cell of MnSi has 4 Mn and
4 Si atoms in the cubic symmetry. (b) The 8 × 8 × 1 supercell was
adopted to accommodate a skyrmion spin texture with 256 Mn atoms
and 256 Si atoms. (c) The four Mn atoms in a unit cell are located
at z =0.1395, 0.3605, 0.6395, and 0.8605, respectively. The 8 ×
8 × 1 supercell can be regarded as four 8 × 8 two dimensional (2D)
lattices stacked along the z-axis. We label the position at (1, 1), (2, 2),
(3, 3), and (4, 4) in the 2D coordinate as 1, 2, 3, 4 respectively, for
convenience.

diagram. In thin films, the skyrmion phase is stabilized down
to zero temperature.

We perform first-principles calculations within the DFT to
study the effect of an impurity on a skyrmion in MnSi, em-
ploying the projector augmented plane-wave method23 im-
plemented in Vienna ab-initio simulation package (VASP)24.
We used the VASP pseudopotential (Mn, Si), a 1 × 1 × 1
Monkhorst-pack-kpoint mesh, and a 300 eV cutoff. The lin-
ear mixing method for updating spin-polarized electron den-
sity was adopted. The spin-orbit coupling is accounted for to
include the DM interaction in the calculation.

The skyrmion size in MnSi is about 10 nm. This requires a
large number of unit cell, which renders the calculations ex-
tremely expensive. To make the problem tractable, we intro-
duce a smaller system size with the periodic boundary condi-
tion and confine a skyrmion at the center of the unit cell. In
this case, the size of skyrmion is determined by the competi-
tion of exchange, DM interactions and the geometry confine-
ment due to the small system size. In the calculations, we use
8 × 8 × 1 supercell, as shown in Fig. 1(b). We then introduce
a skyrmion into the system by patternizing the spin configura-
tion on Mn atoms, S(x, y, z). A skyrmion is centrosymmetric
and we use the polar coordinate r = (r, φ). At its center, the

spins point down while spins point up in the region away from
the skyrmion center. The spins rotate in the azimuthal direc-
tion with the rotation direction fixed by the DM vector. We
initialize the system according to

(S x, S y, S z) = S 0[cos(ϕ) sin(θ), sin(ϕ) sin(θ), cos(θ)], (1)

θ(r) = π[1 − tanh(r/r0)], and ϕ = φ + π/2, (2)

In the above notation, we have projected all Mn into the x-
y plane. The phase shift π/2 accounts for the helicity of
skyrmion in MnSi. The Si atoms do not carry magnetic mo-
ment actively. We then relax the system in the calculations
until convergence is achieved. The system may be trapped by
a local energy minimum. To obtain a lower energy state, we
use different initial condition by changing r0. The calculated
magnetic moment of Mn does not depend on the initial value
S 0.

The definition of skyrmion topological charge N =
∫

d2rn ·
(∂xn × ∂yn)/(4π) valid in the continuum limit does not apply
here because of the small skyrmion size. We use an alternative
definition by calculating the solid angle

Θi = 2 arctan
[

Si · (S j × Sk)
1 + Si · S j + S j · Sk + Sk · Si

]
, (3)

subtended by three neighboring spins, Si in the projects x-y
plane. We then sum Θi in the whole system and the skyrmion
topological charge is given by NS =

∑
i Θi/4π. Here Ns = 1

for the skyrmion considered in Eqs. (1) and (2).
The calculated magnetic moment of a Mn ion is 1 µB, which

is larger than the experimental value 0.4 µB,25 which is con-
sistent with the previous first-principles calculations for a fer-
romagnetic state of MnSi.26 The overestimate of the magnetic
moment may be due to the strong correlation effect and quan-
tum fluctuation of moments neglected in the DFT calculations.
Despite the overestimate of moment and the finite size effect,
we hope that the qualitative features of the effect of an atomic
impurity on a skyrmion can be captured by the present study
and provides guidance to understand microscopic origin of the
pinning of skyrmions.

In the calculations, we fix the center of a skyrmion at the
center of the supercell. We substitute one Mn or Si at different
site by Co, Ir, Zn and Pb and calculate the total energy. No
external magnetic field is applied in the calculations.

III. COMPUTATIONAL RESULTS

Before proceeding to investigate the effect of an impurity,
we first obtain the optimal skyrmion texture in the 8 × 8 × 1
supercell of MnSi by starting from different initial conditions
parameterized by r0. The dependence of the total energy and
the corresponding skyrmion structure are shown in Fig. 2. The
optimal skyrmion size in this supercell is about r0 = 2. This
can be understood as follows. For a small skyrmion size, such
as r0 = 1.5, it costs energy in the ferromagnetic exchange in-
teraction because the skyrmion deviates significantly from its
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FIG. 2. (color online) (a)-(d) Skyrmion spin textures and (e) total
energy of a skyrmion relative to the energy in the ferromagnetic state
as a function of the initial skyrmion size r0 in Eq. (2) in the 8 ×
8 × 1 supercell. In Fig. (a)-(d), arrows demonstrate the in-plane
component of local moments at each site. The blue (red) color of the
arrow means a negative (positive) value of the z component of the
local moment.

optimal size determined by the competition between the ex-
change and DM interaction, which is much bigger than the
supercell size. On the other hand, when skyrmions size in-
creases such as those shown in Figs. 2(c) and (d), the spins are
not parallel and have in-plane components that wind counter-
clockwise at the boundary. This costs energy because the in-
plane components of spins are antiparallel at the boundary due
to the periodic arrangement of the supercell. The skyrmion
energy is higher than that of a ferromagnetic state.

After obtaining a metastable skyrmion solution by the DFT
calculations, with all the microscopic interactions being taken
into account, we then introduce an atomic impurity by re-
placing one of the Mn or Si atom in a supercell by an alien

FIG. 3. (color online) Relative total energy as function of the impu-
rity position for various impurity atoms in the 8 × 8 × 1 supercell.
Here we take the skyrmion energy with an impurity atom located at
(1,1) as an energy reference. All the spin configurations have the
skyrmion topological charge Ns = 1 except for Mn63/64Zn1/64Si with
Ns ≈ 0.5. The 2D coordinate is defined Fig. 1(c).

atom. Because of the centrosymmetry of the skyrmion, we in-
troduce an impurity at a varying distance from the skyrmion
center, as labeled by 1,2, 3, and 4 in Fig 1(c). When one of
64 formula unit atoms is substituted with one impurity atom,
such as Co, Ir, Zn and Pb considered here, the doping concen-
tration becomes 1/64, which corresponds to Mn63/64Co1/64Si,
Mn63/64Ir1/64Si, Mn63/64Zn1/64Si, and MnSi63/64Pb1/64. The
total energy as a function impurity position for different im-
purity atom is depicted in Fig. 3. For the Zn and Pb im-
purities, the energy decreases when the impurity is close
to the skyrmion center, indicating an attraction between the
skyrmion and the impurity. Therefore the Zn and Pb im-
purities behave as pinning centers for skyrmions. On the
other hand, for the Co impurity, the energy increases mean-
ing a repulsive interaction between the skyrmion and the
impurity. The Co impurity works as an energy barrier for
skyrmions. For the Ir impurity, the interaction between the
impurity and the skyrmion is nonmonotonic. When the impu-
rity approaches the skyrmion center, the interaction is repul-
sive and then becomes attractive when the impurity is at the
skyrmion center. A qualitative understanding of these behav-
ior will be presented below.

The Zn doped at the skyrmion center has dramatic effect as
indicated by a sharp decrease of energy in Fig. 3. The cal-
culated skyrmion topological charge is Ns ≈ 0.5. In real sys-
tems with a large skyrmion size, a single atomic impurity can-
not modify the whole skyrmion texture because a skyrmion is
topologically protected against local perturbations. Therefore
we ascribe the reduction of Ns here to the finite size effect.
In real systems, the skyrmion energy is expected to decreases
monotonically when the skyrmion approaches to the Zn im-
purity.

The spatial variations of the local moments S are investi-
gated in MnSi and doped MnSi. The red and blue lines in
Fig. 4 show how the S of each local moment is distributed
along the two different diagonals when the impurity atoms
(Co, Ir, Zn, Pb) are placed at (4,4). The magnetic moment
of the localized d electrons seems to be hardly affected by the
Pb atom. The magnetic moment is mainly determined by on-
site interactions, and the screening effect of p electrons has
weak impact on the moments. As Co and Ir atoms have two
more valence electrons compared to Mn atoms, the magnetic
moments with more than half filled occupancy at the impurity
sites are reduced. Zn atom has the fully-occupied d orbital
and it can also influence the reduction of the local moments
of the neighboring sites. The local moment at (4,3) is also
suppressed than that in MnSi , as shown in Fig. 4(d).

The LDOS can provide information about the real-space
electronic structure, which can be measured in experiments,
such as the scanning tunneling microscopy. Meanwhile the in-
teraction between magnetic moments depends on the LDOS,
the knowledge of LDOS is helpful to understand the effect
of impurity on skyrmion. Here we consider the effect of
skyrmion spin texture on the LDOS in MnSi with an impu-
rity.

Figure 5 demonstrates the LDOS at (1, 1)-(4, 4) from the
boundary to center for the various doped MnSi’s, where the
impurity atom is located at (4, 4). The LDOS at (1, 1) and
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FIG. 4. (color online) Magnetic moment S as a function of the po-
sition in (a) MnSi and doped MnSi such as (b) Mn63/64Co1/64Si, (c)
Mn63/64Ir1/64Si, (d) Mn63/64Zn1/64Si, and (e) MnSi63/64Pb1/64. The
impurity atoms are located at (4,4), which are indicated by the small
arrow. The red and blue lines represent the different diagonals (x, x)
and (x, 9 − x), as x changes from 1 to 8.

(2, 2) are almost identical, because they are away from the
impurity site. The LDOS at (3, 3) shows the slight differ-
ence, as shown in Fig. 5(c). The impurity has strong effect on
the LDOS at the impurity site as displayed in Fig. 5(d). The
LDOS at the Fermi energy EF is reduced for the Co, Ir and
Zn impurities in comparison to the case of the pure MnSi sys-
tem. This behavior can be understood as follows. The energy
level of the fully occupied d electrons in the Zn ion is located
below EF so that the d states of Zn hardly contribute to EF .
For Ir, because 5d electrons are much more extended, which
leads to a broader effective bandwidth and a reduced intensity
of LDOS at the Fermi energy; while for Co, the 3d electrons
are more localized than those of Ir 5d and close to Mn 3d elec-
trons, therefore the intensity of LDOS on Co is similar to that
on Mn.

Figure 6 summarizes the local magnetic moment and LDOS
at Fermi surface on the impurity size with different atomic
impurities in comparison to the pure system. The impurity is
fixed at (4, 4) and the local moment is averaged over the four
neighboring sites such as (4, 4), (4, 5), (5, 5),and (5, 4). The
moment is suppressed in Co, Ir, and Zn doped MnSi, while it
does not change much in the Pb doped MnSi. The LDOS at
EF in Ir and Zn doped MnSi are reduced less than half of that
of MnSi. For the Co doped case, the reduction is about 10 %
and is relatively small.
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FIG. 5. (color online) LDOS at different sites: (a) the boundary (1,
1), (b) (2, 2), (c) (3, 3), and (d) the center (4, 4). The impurity is
located at the skyrmion center (4, 4). For comparison, the LDOS
of the pure MnSi system is also shown. The 2D coordinate for the
supercell is defined in Fig. 1(c).

IV. DISCUSSIONS

Based on the DFT results, we now discuss the effect of
impurities on the skyrmion using a phenomenological theory
with an effective interaction between magnetic moments. The
effective Hamiltonian density is

H =
J
2

∑
µ=x,y

(∂µn)2 + Dn · ∇ × n − B · n, (4)

where J and D are the exchange and DM interaction respec-
tively. Equation (4) has successfully captured several key ex-
perimental observations in B20 compounds.27,28 At zero tem-
perature, the Hamiltonian Eq. (4) stabilizes a magnetic spiral,
triangular lattice skyrmion and spin-polarized ferromagnetic
state upon increasing the field. Both transitions are of the first
order.29

Here we consider a single skyrmion solution in the ferro-
magnetic background in clean systems. The total energy and
the contributions due to the exchange interaction, DM inter-
action as a function of distance r from the skyrmion center
are displayed in Fig. 7. The single skyrmion is a metastable
which has higher energy than the ferromagnet. The main en-
ergy contribution comes from the core region of the skyrmion.
The skyrmion solution costs energy in the exchange interac-
tion and save energy in the DM interaction. Based on this
observation, an impurity can attract or pin a skyrmion if the
exchange interaction or magnetic moment is reduced, or the
DM interaction is enhanced. This observation provides a con-
sistent understanding of the effects of an atomic impurity on
the skyrmion obtained by the DFT calculations.

For the Zn impurity, it reduces the magnetic moment and
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FIG. 6. (color online) (a) Magnetic moment (b) LDOS at the impu-
rity atom for MnSi and doped MnSi, where the impurity atoms are
placed at (4,4) in the 8 × 8 × 1 supercell. The red circle and black
lines are the peak positions and are guide to eyes.

LDOS. For the Pb impurity, the magnetic moment and LDOS
do not change much. Due to the large atomic number of
Pb, the spin-orbit interaction, hence the DM interaction is en-
hanced. Therefore both the Zn impurity and Pb impurity pro-
vide attractive potential to the skyrmion. For the Ir defect, it
also attracts skyrmion because the reduction of LDOS, mag-
netic moment and enhancement of DM interaction when it is
doped at the skyrmion center. For the Co impurity, both the
exchange and DM interactions are expected to be slightly re-
duced because of the reduction of the LDOS and magnetic
moment. It could be possible that the energy loss due to the
decrease of DM interactions outweigh the energy gain due to
the reduction of the exchange interaction, which leads to a
weak repulsion between the Co impurity and the skyrmion.
This simple explanation is consistent with the rests obtained
by the DFT calculations in Fig. 3.

Finally we provide an estimate of J in Eq. (4) based on
the DFT results. The calculated skyrmion energy relative to
the ferromagnetic state is about ∼ 0.84 meV /f.u., therefore
the skyrmion energy in the 8 × 8 mesh is about ∼ 54 meV (∼
540 K). The skyrmion self-energy in Eq. (4) is of the order
of J. The Néel temperature TN is of the order of JNc with
Nc the coordination number of spins. For MnSi according to
experiments, TN ≈ 45 K3 and the estimated J is one of order

FIG. 7. (color online) (a) Total skyrmion energy relative to the fer-
romagnetic state, (b) exchange, and (c) DM interaction energies as
a function of the distance from the center of the single skyrmion in
pure systems. The energy is in unit of D2/J and the length is unit of
J/D.

of magnitude smaller than that of DFT calculations. There
are two reasons: firstly the DFT calculations overestimate the
magnetic moment by a factor of 2.5 and thus overestimate the
energy by a factor of 6.25; secondly, the thermal and quantum
fluctuations that are not accounted for in the DFT calculations
can reduce the mean-field TN by one order of magnitude. Af-
ter taking these two effects into account, the estimated J by the
DFT calculations and experiments can be comparable within
the same order of magnitude.
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V. SUMMARY

We have studied the effect of an atomic impurity on the
skyrmion in MnSi by performing the density functional the-
ory calculations. We have demonstrated that the interactions
between the defects and skyrmion can be tuned by substitu-
tion of different elements. For Mn substituted by Zn or Ir and
Si substituted by Pb, the interaction is attractive, indicating
a pinning of the skyrmion. While for Mn substituted by Co,
the interaction between the defect and the skyrmion is weakly
repulsive. We have also computed the local density of state
and magnetic moments to understand the impacts of impuri-
ties on the magnetic and electronic properties. Based on the

density functional theory results, we have provided a qualita-
tive understanding using a phenomenological model. Due to
the limitation of the density functional theory for a large spin
texture, the calculations are subjected to the finite size finite
effect. Nevertheless we believe that the qualitative features
presented here should still hold in the large system size.
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