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Abstract: Magnetic skyrmions are spin swirling solitonic defects that can play a major role in informa-
tion technology. Their future in applications and devices hinges on their efficient manipulation and
detection. Here, we explore from ab-initio their nature as magnetic inhomongeities in an otherwise
unperturbed magnetic material, Fe layer covered by a thin Pd film and deposited on top of Ir(111)
surface. The presence of skyrmions triggers scattering processes, from which Friedel oscillations
emerge. The latter mediate interactions among skyrmions or between skyrmions and other potential
surrounding defects. In contrast to their wavelengths, the amplitude of the oscillations depends
strongly on the size of the skyrmion. The analogy with the scattering-off atomic defects enables the
assignment of an effective scattering potential and a phase shift to the skyrmionic particles, which
can be useful to predict their behavior on the basis of simple scattering frameworks. The induced
charge ripples can be utilized for a noninvasive all-electrical detection of skyrmions located on a
surface or even if buried a few nanometers away from the detecting electrode.

Keywords: skyrmions; friedel oscillations; density functional theory; magnetism; scanning tunneling
microscopy; scattering

1. Introduction

Materials’ hallmarks hinge on the propagation of electrons, which mediate the in-
teraction among atoms and impact nontrivially on thermal, electrical, optical, magnetic
and transport properties. After scattering at localized defects, Friedel oscillations arise,
which lead to charge screening of the foreign atoms, as routinely observed with scanning
tunneling spectroscopy (STS) (for example, [1–6]). Besides the nature of the impurities, the
electronic states residing on constant energy contours in the reciprocal space define at a
given energy the form, wavelength and amplitude of the produced ripples. The latter can
be, for instance, anisotropic or even focused along well defined regions for rather large
distances if the energy contours bear flat areas [7–13]. In the context of magnetism, the
resulting charge density oscillations govern the magnetic long-range interactions among
single atoms, which can drive communication between nanoobjects [14–19] and trigger
appealing magnetic behavior [15–17,20,21]. Elastic interactions can emerge giving rise to
the self-assembly of superstructures of adatoms on surfaces [4].

Magnetic skyrmions [22,23], i.e., localized noncollinear spin textures of topological
nature [24] with particle-like properties, are solitonic defects, which similarly to atomic
defects should scatter the electronic states of the hosting materials. In Figure 1, we repre-
sent schematically the Friedel oscillations, shown as blue circles, emerging equally from
skyrmions of different sizes or from atomic defects embeded on some surface. Since
skyrmions are heavily prospected as potential magnetic bits for future devices [25–35],
the induced Friedel oscillations could bear interesting information on the nature of the
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skyrmions and their interaction with the surroundings, which could prove useful for ap-
plications. The classical example of a storage device based on skyrmions is a racetrack
memory [25,27,36], where the magnetic textures would be driven by a current. Similarly
to atomic defects, the emerging charge ripples would govern the distance and the repul-
sive or attractive interactions among the sequence of magnetic skyrmions or between the
skyrmions and surrounding defects, being solitonic entities, dislocations, edges or simply
atomic impurities. This means that the sequence, density and motion of skyrmions in a
device would be controlled by the related Friedel oscillations. Those ripples are the driv-
ing mechanism behind the distant-dependent interactions between magnetic skyrmions
observed with Lorentz transmission electron microscopy in B20–FeGe [37]. They were
predicted to exist in an Fe monolayer deposited on Pd(111) with an alloyed overlayer
made of Pt and Ir [38] and are responsible for the deflection of skyrmions generated in
PdFe/Ir surface at a finite distance from atomic defects [39,40]. Thus, the understanding
and control of the shape, amplitude and wavelength of these interactions, intimately related
to the decay of the charge density oscillations, are decisive if the skyrmions are to be used
as building blocks in nanospintronic devices. This is not limited to the aforementioned
racetrack memory but extends to various technological concepts proposed recently [35]:
ranging from those based on multiple skyrmions for synaptic [41–44], reservoir [45,46] and
stoachastic [47–49] devices to those involving single skyrmions as those proposed for spin
torque nanooscillator based on magnetic tunneling junctions [50,51], where interactions
with edges and other defects is inevitable.

Figure 1. Schematic visualization of Friedel charge oscillations (blue circles) emanating from con-
ventional impurities (blue, yellow and white small spheres) or from skrmionic defects (noncollinear
spin-textures). The interference between the incoming electronic states of the substrate and those
scattered away from the various defects induce the charge waves. Such charge ripples host a wealth
of information on the hosting material and on the defects while mediating electronic, magnetic and
elastic interactions.

Interestingly, model calculations indicated that skyrmion-like magnetic Friedel os-
cillations can be induced by an adatom deposited on a surface characterized by a finite
spin-orbit interaction [5] with a magnetic complexity that is detectable experimentally [52].
While free electrons scattering at skyrmions could carry a spin-magnetization of chiral
nature [53], topological surface states can trigger interesting physics when eventually
hitting a skyrmion [54].
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Here, we explore with a fully ab-initio framework the Friedel oscillations emanating
from single magnetic skyrmions hosted in Fe covered by thin films of Pd deposited on
Ir(111) surface (see Figure 2a). The latter material has been demonstrated to host sub-5
nm skyrmions [55,56]. The stabilization of the skyrmions is enabled by the Dzyaloshinskii-
Moriya interaction [57,58] and the Heisenberg exchange interaction. As a scattering state,
we choose one of the surface/interface states characterizing this substrate, as identified in
a previous work [59]. These states were also investigated in the context of the spin-mixing
magnetoresistance (XMR), which enables the detection of non-collinear spin-textures such
as magnetic skyrmions with all-electrical means [29,34,60]. The XMR finds its origin in
the noncollinearity of the magnetic texture enhanced with spin-orbit interaction, which
impacts the electronic structure and thus the current flowing in a perpendicular fashion
between the surface and a nonmagnetic electrode.

Vac

Pd

Fe
Ir

Pd/Fe/Ir(111)(a) (b)

Skyrmion 1

Skyrmion 2

Skyrmion 3

Figure 2. (a) Illustration of the heterostructure of PdFe bilayer deposited on fcc Ir(111) surface. Vac
represents the vacuum site in which the electronic structure is calculated in order to investigate the
Friedel charge oscillations. (b) Side view of the three confined spin-textures converged in the Fe
monolayer: (i) Skyrmion 1, where one of the Fe magnetic moments is flipped with respect to the
ferromagnetic background (blue moments), (ii) Skyrmion 2 and (iii) Skyrmion 3 contain respectively
19 and 37 Fe atoms including all their nearest neighbors, which are allowed to have their electronic
structure converged [29].

We investigate the scattering properties of skyrmions as function of their size and
depth underneath the surface once the spin-textures are buried below Pd films of various
thicknesses. As a probing energy, we choose 2.15 eV, which is crossed by an interface state
characterized by a wave vector 2 nm−1, and find that both the wavelength and phase shifts
of the induced charge oscillations are not affected by the skyrmion’s size in contrast to their
amplitude, which can be enhanced owing to interference effects. The apparent width of
the skyrmions as extracted from their electronic signature is found to be larger than their
real size. The ripples act thus as a magnifier of the skyrmions. Remarkably, the Friedel
oscillations can be large enough to remotely identify skyrmions in an all-electrical fashion,
even if hidden under the surface or laterally away from the detecting electrode.

2. Materials and Methods

Our first-principles simulations are based on the full-potential Korringa-Kohn-
Rostoker Green function (KKR) method [61,62] including self-consistently spin-orbit inter-
action as implemented within density functional theory (DFT). Exchange and correlation
effects are treated in the local spin-density approximation as parametrized by Vosko, Wilk
and Nusair [63]. The ferromagnetic substrate is modeled with slabs containing 44 layers:
PdnMLs/Fe/Ir(111), with n = 1, 2, ..., 7 being the number of Pd monolayers (MLs). On one
side of the slab, PdFe layers are deposited with vacuum layers on either sides similarly to
was done in [59]. The atomic positions were taken from [29,59,64] assuming an fcc-stacking
of the layers. After determining the potential of the two-dimensional-ferromagnetic slabs,
the corresponding Green functions G0 were harvested and skyrmions were embedded in
the collinear substrate. The Dyson equation schematically written as G = G0 + G0∆VG
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is solved in order to obtain the skyrmionic-defect Green function G. ∆V represents the
modified atomic potential as compared to that of the unperturbed slab. This is performed
until reaching self-consistency in the spirit of DFT.

The self-consistent calculations are performed using an angular momentum cutoff
of l = 3 for the scattering wave functions and a grid of 30 × 30 k-points mesh for the
sampling of the two-dimensional Brillouin zone. The complex-energy contour needed
for the energy integration is rectangular and consists of 40 grid points including seven
Matsubara frequencies. For the calculation of the local density of states (LDOS), the
Brillouin zone is sampled with a 200× 200 k-points mesh. The surface-projected band
structure is calculated along the following high symmetry directions ΓK, KM and MΓ.
Furthermore, to have an adequate interpretation and analysis of our results we have
considered a semi-infinite Ir (111) substrate using the decimation technique [65,66] to avoid
any size effect that can blind our conclusions.

We have investigated three magnetic defects of different sizes as illustrated in Figure 2b
denoted Skyrmion 1, 2 and 3, where a number of Fe magnetic moments are rotated and
allowed to get their direction and electronic structure updated in the self-consistent scheme.
Note that Skyrmions 1 consists of a single Fe magnetic moment fliped with respect to the
collinear surrounding. Skyrmions 2 and 3 contain 19 and 37 Fe atoms respectively besides
their nearest neighboring Pd and Ir atoms. Experimentally, it is expected that by increasing
the magnitude of the magnetic field would reduce the size of the skyrmion, leading to the
sequence Skyrmion 3, 2 and ultimately 1. After converging the different sized skyrmionic
profiles, various quantities were calculated, with a focus on the Friedel charge oscillations.
The latter are computed in larger areas, about 100 nm2 around the skyrmions at a height
of 0.445 nm above the surface (see the vacuum site shown in Figure 2a). Following the
Tersoff-Hamann approximation [67], the obtained spectra are related to the experimental
differential conductance measurable by scanning tunneling microscopy.

3. Results and Discussion
3.1. Interface State

As shown in [59], various interface and surface states and resonances are hosted
by the PdFe bilayer deposited on Ir(111) surface. For our investigation, we consider the
states living at 2.15 eV above the Fermi energy (see Figure 3). Here, an interface is located
at the edge of the surface-projected bulk band gap besides other resonant states. The
interface state is centered around the Γ point in reciprocal space with a rather quadratic
dispersion (Figure 3a,b). At 2.15 eV it is characterized by a wave vector equal to 2 nm−1. It
is mainly of minority-spin character and owing to spin-orbit coupling it is projected on the
majority-spin channel [59].

The local density of states (LDOS) depicted in Figure 3c,d was obtained in the vacuum
above the PdFe bilayer being either in a ferromagnetic state or hosting confined spin-
textures of different sizes: Skyrmion 1, 2 and 3 illustrated in Figure 2b. The magnetic
texture is obviously not homogeneous and depends on the size of the skyrmions. For
instance, the angle between the magnetic moment of the Fe atom at the skyrmion core and
its nearest neighboring atoms decreases by increasing th size of the region confining the
spin-texture. Beyond the nearest neighbors, the rotation angles do no change very much.
Although the spin is not a good quantum number, the LDOS is spin-resolved in the local
atomic spin frame of reference at the vacuum site atop the core of the skyrmions. One
clearly sees that the vacuum LDOS hosts various resonances, already identified as surface
or interface states [59], distinctly showing up in either the majority- or minority-spin
channels. Most important is that the LDOS is strongly dependent on the noncollinearity
of the magnetic moments and on the size of the localized spin-texture. The interplay of
the misalignement of the magnetic moments and hybridization of electronic states trigger
the shift of the observed features and emergence of new states as discussed in [29,59].
This happens for instance in the minority-spin LDOS, which hosts new spectral feature
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in comparison to the ferromagnetic LDOS due to the hybridization and projection of the
resonances occurring in the majority-spin channel.

Figure 3. Electronic structure of PdFe bilayer deposited on Ir(111) surface with and without
skyrmions. The layer-resolved surface-projected band structure of Fe is depicted for the minority (a)
and majority-spin (b) channels along high-symmetry directions of the two-dimensional Brillouin
zone. The dashed line defines the energy, 2.15 eV, at which the Friedel oscillations are calculated. The
Local density of states (LDOS) of the vacuum atop the core of the magnetic skyrmion for different
skyrmion sizes compared to that of the ferromagnetic state for the minority (c) and majority (d)
spin channels.

3.2. Skyrmion-Induced Friedel Oscillations Induced in PdFe Bilayer on Ir(111)

A magnetic skyrmion created in the PdFe/Ir(111) surface generates the Friedel os-
cillations shown in Figure 4a. The ring-like structures are not that isotropic due to the
anisotropy of the constant energy surfaces characterizing the substrate’s electrons partici-
pating in the scattering processes. A comparison of the charge ripples induced by the three
investigated skyrmions at 2.15 eV along the x-axis is depicted in Figure 4b. Away from the
skyrmions, the largest amplitude of the charge oscillations are induced by skyrmion 2. The
wavelength of the ripples as well as their phase shifts seem to be the same for the three
investigated noncollinear states. An important observation is that skyrmion 3, which is the
largest in size, is leading to the most localized disturbance of the charge density. In other
words, it would look like the smallest among the three localized spin-textures on the basis
of Friedel oscillation. On the one hand, Skyrmion 1, which consists of a single flipped Fe
spin-moment, would appear more intense and wider than skyrmion 3. Skyrmion 2, on the
other hand, would manifest as the largest skyrmion. This means that all-electrical detection
enabled by scanning tunneling microscopy would distort the skyrmion and its real size, de-
pending on how the charge perturbation propagates around the solitonic defect. The effect
seen in the tunneling conductance is similar to the distortion observed when looking at an
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object sitting under water. As discussed in the Appendix A, various scattering mechanisms
are at play when electrons scatter at complex spin-textures such as those investigated in
the current work. Within the adiabatic approximation, i.e., assuming that the magnitude of
the magnetic moment is not changed once rotated, it is expected in a first-order scattering
approximation that the phase shift is independent from the noncollinearity of the magnetic
moment. Interference effects intertwined with the magnetic inhomogeneity characterizing
the environment of each atom within the confined spin-texture can either enhance or
diminish the amplitude of the resulting charge oscillations. Remarkably, Skyrmion 2 seems
to satisfy the right conditions to induce the largest magnitude of the Friedel ripples.

Figure 4. Skyrmion-induced charge oscillations in PdFe/Ir(111). (a) Ring-like ripples surrounding
Skyrmion 2 at 2.15 eV. Atop the skyrmion the charge is extremely large and thus removed to observe
the surrounding oscillations. (b) Comparison of the Friedel charge waves along the x-direction as
function of the size of the confined noncollinear spin-textures shown in Figure 2b.

3.3. Model for Phase Shifts and Mapping to a Simple-Scattering at an Atomic Defect

The charge oscillations shown in Figure 4 are similar to those induced by a point-defect
inserted in a free electron gas. For the two-dimensional case, the modified change density
in the asymptotic limit is expected to behave like:

∆n(r, ε) ∝
1

r
√

ε
sin

(
2
√

εr + δ(ε)
)

, (1)

in the s-wave approximation, which should be valid at large distances, r, away from the
defect. δ represents the phase shift experienced by the scattered wave functions. The fit
to the induced charge oscillations plotted in Figure 4b is obtained with

√
ε = k = 2 nm−1,

fitting perfectly the wave vector of the interface state located at 2.15 eV, and a phase shift of
∼− π

15 , which is identical for the three investigated spin textures. We note that for the three
investigated skyrmions, the wavelength of the scattered electronic state is larger than the
size of the non-collinear region limited mainly to the Fe atom at the skyrmion’s core and
its nearest neighbors, which explains the obtained constant phase shift. Within scattering
theory, a negative phase shift is the signature of an effective repulsive potential of the defect.
The power decay of the oscillations confirm our assumption of the two-dimensionality
of the scattering electrons. Naturally, the multiple scattering events occurring within the
skyrmions are complex but at large distances from the solitonic defects, the scattering
physics can be simplified and mapped to that known for single atomic defects. The
skyrmions can then be considered as particles with a characteristic scattering potential
(repulsive in this case) and a phase shift. Similarly to atomic defects, the outcomes of a
very simple scattering theory can be used to describe not only scattering aspects but also
interaction patterns among solitonic defects, repulsive versus attraction, between solitons
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and regular impurities, their spatial ordering. One could envisage very complex cases such
those illustrated schematically in Figure 1.

3.4. All-Electrical Detection of Buried Skyrmions via Friedel Oscillations

As illustrated schematically in Figure 5a, we explore the case of skyrmions buried
below an overlayer film. In such a scenario, the detection of skyrmions is expected to
be difficult. Here we demonstrate that Friedel oscillations can be useful in this context
since they can propagate and in some cases they can even be magnified through the spacer
separating the skyrmions from the detecting electrode. By dividing the induced charge
oscillations by the charge density of the bare substrate, one obtains the Friedel XMR-signals
plotted in Figure 5b along the x-direction for Skyrmion 2 buried under 1, 5 and 7 Pd layers.
One clearly sees that the efficiency of the XMR-signal is of the same order of magnitude
independently from the Pd film thickness. Moreover, the apparent size of the skyrmion
seems to be the largest for the thickest Pd film. By increasing the thickness of the overlayer
film, the positions of the surface and interface states characterizing the substrate can
shift [59] besides confinement effects coming into play accompanied with constructive or
distructive interference mechanisms. Overall additional states are induced, which mediate
and contribute to the scattering of electrons at the solitonic defect. We note that on top of
the Pd thick film, a surface state emerges, which helps to magnify the underlying Friedel
oscillations emanating from the skyrmion located at the PdFe interface.

Figure 5. All-electrical detection of skyrmions buried below a thin film of Pd. (a) Schematic picture
representing the detection principle, where a hidden skyrmion nanometers away from the surface
can be sensed owing to the induced Friedel oscillations (blue circles) reaching the detecting electrode;
(b) spin-mixing magnetoresistance at 2.15 eV as function of the thickness of the Pd films. The lines
are a guide for the eye.

The proposed detection mechanism is thus based on a nonmagnetic electrode that
can scan the surface of the nonmagnetic overlayer film prospecting for the XMR-signal
emanating from the Friedel oscillations induced by buried skyrmions. We conjecture
that besides XMR other detection schemes [68] can be used to detect the investigated
Friedel oscillations.

4. Conclusions

To summarize, we performed ab-initio simulations on Friedel oscillations emanating
from the scattering of electronic states at small magnetic skyrmions of different sizes.
We explored the case of skyrmions hosted in an Fe layer deposited on Ir(111) surface all
covered with Pd films with different thicknesses. We found that the wavelength and phase
shift characterizing the induced charge ripples seem independent form the size of the
skyrmions in strong contrast to their amplitude. This is intimately related to interference
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effects of constructive and destructive nature in conjunction with the complexity of the
spin-texture configurations. Through the Friedel oscillations, the skyrmion can appear
larger or smaller than their real true size. The skyrmions act as particles to which a phase
shift can be assigned, which permits the use of simple scattering theory to explore scattering
at, interaction and stability of complex configurations of skyrmions and other magnetic
and atomic defects. The nature of the effective scattering potential characterizing the
investigated skyrmions is found repulsive. We envisage that by tuning the skyrmion size,
one can control the amplitude of the charge oscillations and therefore the interaction among
skyrmions. This is not only important for the motion of skyrmions in racetrack devices but
also in the detection and formation of lattices or superstructures made of confined spin-
textures and defects. Finally, we demonstrated all-electrical detection of hidden skyrmions,
or skyrmions buried below thick films, utilizing the XMR-signal characterizing the Friedel
oscillations propagating through overlayers or spacers. Confinement effects can enhance
the efficiency of the XMR signal and the overall appearance of the buried spin-textures.
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Appendix A. Multiple-Scattering Expansion for Friedel Oscillations Generated by a
Noncollinear Magnetic State

As mentioned in the introduction, magnetic skyrmions can be seen as defects living in
a ferromagnetic collinear state. After scattering of electronic states at these defects, charge
density oscillations are induced. Here, we derive the dependence of the induced charge
density on the magnetic orientation of magnetic moments of the skyrmion. A formalism
based on Green functions is very useful to describe the involved scattering processes. For
simplicity, we neglect here the contribution of spin-orbit interaction.

We invoke a multiple scattering formalism [62] based on Green functions, g, describing
the propagation of the electron states from site i to site j. The theory is similar to the one
utilized to explain the spin-mixing magnetoresistance in Ref. [29]. The induced charge
density at a site i is given as

∆ni(r; ε) = − 1
π

Im Tr[Gii(r, r; ε)− gii(r, r; ε)] , (A1)

where the matrices g and G are the green functions of respectively the ferromagnetic host
and of the skyrmion embedded in the host. The Green functions can be represented in the
angular momentum L = (l, m) and spin representation, L⊕ s. Here, the trace Tr is taken
over the spin indices.

Using the Dyson equation, the change in the green function can be obtained from the
series of Born iterations:

Gii = gii + ∑
j

gij∆vjgji + ∑
jk

gij∆vjgjk∆vkgki + ... , (A2)
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where ∆v represents the change of the atomic potential after rotating the corresponding
magnetic moment. Note that for simplicity, the radial integrals accompanying the matrix
products are not written explicitly.

The potential pertaining to a given atom, i, can be written as:

vi(r) =
1
2
(v↑i (r) + v↓i (r)) σ0 +

1
2
(v↑i (r)− v↓i (r)) Si · σ, (A3)

where v↑ and v↓ are the majority- and minority-spin v-matrices as obtained in the local-spin
frame of reference of each atom. Si is the unit vector of the spin magnetic moment at site i.
Changing the orientation of the magnetic moment of a given atom and adopting the rigid
spin approximation implies a corresponding change in the spin-dependent v-matrix

∆vi(r) = vs
i (r) (Si − Sz) · σ , (A4)

in which vs(r) = 1
2 (v
↑
i (r)− v↓i (r)) is the magnetic part of the total v-matrix.

The Green function of the ferromagnetic host that connects the atomic sites i and j can
be partitioned into two matrices:

gij = Aij σ0 + Bij Sz · σ , (A5)

where Aij is the non-magnetic part of the Green function diagonal in spin space, while Bij
contains the magnetic part. σ is the vector of Pauli matrices and σ0 is the identity matrix.

We evaluate the induced charge density, Equation (A1), utilizing the Equations (A2),
(A4) and (A5) in combination with the useful properties of the Pauli matrices:

TrS
[
σx
]
= TrS

[
σy
]
= TrS

[
σz
]
= 0 , (A6)

and
(σ · Ŝ)(σ · Ŝ′) = Ŝ · Ŝ′ + i σ · (Ŝ× Ŝ′) , (A7)

where i is the imaginary unit.
The first-order Born iteration yields:

∆n(1)
i = − 4

π
Im Tr ∑

j
Aij vs

j Bji (Sj · Sz − 1) , (A8)

which leads to an angular dependence of the type (1− cos θj), θ being the polar angle
characterizing the moment. At this level, one can define an effective scattering matrix,
t(ε) = ts(ε)(Sj · Sz − 1) with ts(ε) = 〈ψ(ε)| vs |ψ(ε)〉, which describes how the magnetic
part of the potential scatters the incoming electrons. The effective phase shift, δ(ε), that the
Friedel oscillations would experience is related to the t-matrix by: t(ε) = 1√

ε
sin δ(ε)eiδ(ε).

Therefore, tan δ(ε) = =t(ε)
<t(ε) =

=ts(ε)
<ts(ε)

. In other words, within the firs-order Born iteration the
amplitude of the induced Friedel oscillations, but not their phase shift, would be affected
by the rotation of the magnetic moment. This is resulting from the adiabatic approximation
assuming the magnetic moment is not changed upon its rotation.

The second-order Born iteration generates more complex terms

∆n(2)
i = − 1

π Im Tr ∑jk
[
(Aij vs

j Ajk vs
k Aki + Bij vs

j Bjk vs
k Bki)(Sj · Sk)

+ (Bij vs
j Ajk vs

k Bki − Bij vs
j Bjk vs

k Aki − Bij vs
j Bjk vs

k Bki)(Sj · Sz)(Sk · Sz)

+ (Aij vs
j Ajk vs

k Aki + Bij vs
j Ajk vs

k Bki − Bij vs
j Bjk vs

k Aki)(1− (Sj + Sk) · Sz)
]

,

(A9)

yielding various angular dependencies, ranging from cos θ to cos2 θ.
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To summarize, the induced charge density is expected to have a complex angular
dependence with respect to the orientation of the magnetic moments. There will be
constructive and destructive interferences, which shape the amplitude of the charge ripples.
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