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Magnetic skyrmions are localized non-collinear spin textures
with a high potential for future spintronic applications1–12.
Skyrmion phases have been discovered in a number of
materials9,11 and a focus of current research is to prepare,
detect and manipulate individual skyrmions for implementation
in devices6–8. The local experimental characterization of
skyrmions has been performed by, for example, Lorentz
microscopy3 or atomic-scale tunnel magnetoresistance
measurements using spin-polarized scanning tunnelling
microscopy4,7,12. Here we report a drastic change of the
differential tunnel conductance for magnetic skyrmions that
arises from their non-collinearity: mixing between the spin
channels locally alters the electronic structure, which
makes a skyrmion electronically distinct from its ferromagnetic
environment. We propose this tunnelling non-collinear
magnetoresistance as a reliable all-electrical detection
scheme for skyrmions with an easy implementation into
device architectures.

In magnetic skyrmions, the magnetization in the centre is oppo-
site to that of the surrounding ferromagnetic (FM) background.
Skyrmions are stabilized against collapse by the Dzyaloshinskii–
Moriya interaction13–15, which arises because of the spin–orbit
interaction in systems with broken inversion symmetry and
imposes a unique rotational sense on the spin structure. Such a
particle-like magnetic skyrmion is distinct from the FM state
because of its non-trivial topology, and its topological charge can
be used as bit of information5,6. For the readout of information
encoded in magnetic states, various magnetoresistive effects
are exploited in current technical devices and sensors. Whereas
the giant magnetoresistance (GMR)16,17 and tunnel magneto-
resistance (TMR)18,19 occur when two magnetic layers are involved
(Fig. 1a), the (tunnelling) anisotropic magnetoresistance (T)AMR20–22

(Fig. 1b) originates from the intrinsic material properties caused
by spin–orbit coupling and typically amounts to only a few
percent. In transport measurements through non-collinear struc-
tures (for example, domain walls), the total resistance deviates
from that of the FM case23–26. However, as a result of the averaging
nature of these measurements, discrimination between different
contributing effects is difficult25,26. In particular, the extent to
which the non-collinearity itself is a source of magnetoresistance
is unclear (Fig. 1c).

For a spatially resolved disentanglement of different contri-
butions to magnetoresistance we chose, as a model system,
magnetic skyrmions (Fig. 2a) in the PdFe atomic bilayer on
Ir(111)7,10,12, which have been studied previously using spin-polar-
ized scanning tunnelling microscopy (STM). This method27

resembles the TMR in STM geometry, in which a magnetic tip is
separated from the magnetic sample by an insulating vacuum

barrier. Figure 2b shows an overview of a PdFe/Ir(111) sample in
the skyrmion phase (B = +1.8 T) measured with an STM tip that
is not spin polarized (that is, the TMR contribution vanishes).
Nevertheless, the skyrmions in the PdFe islands are imaged as
dark circular entities in the map of differential tunnel conductance
dI/dU, where I is the tunnel current andU is the sample bias voltage.
The enlarged dI/dU image (Fig. 2c) shows two skyrmions at
B = −2.5 T and the line profile across one of them (Fig. 2c, inset)
shows that the dI/dU signal changes gradually from the FM
region to about half of its value at the skyrmion centre. The question
of the physical origin of the signal change arises because a TMR is
not present, as an unpolarized tip is used, and neither is a TAMR
contribution expected, because the centre of the skyrmion is
antiparallel to the spins in the FM background (see also
Supplementary Section 1).

The energy-resolved dI/dU signal measured by scanning tunnel-
ling spectroscopy can be interpreted as the sample’s local density of
states (LDOS) in the vacuum28, which correlates with the electronic
band structure. Figure 2d demonstrates that the local electronic
properties of the skyrmion centre deviate significantly from those
of the FM background: the spectrum of the FM state has a peak
at about +0.7 V, whereas the centre of the skyrmion exhibits two
peaks at about +0.5 and +0.9 V. We propose that this difference
originates from the non-collinearity of the spin structure in
the skyrmion.

To validate this hypothesis we performed an experiment in
which we changed the degree of non-collinearity in a controlled
fashion by varying the external magnetic field. The size and shape
of a skyrmion in PdFe has been studied as a function of the
applied field12, and the polar angle θ(d) of the magnetization
within a skyrmion is plotted in Fig. 3a as a function of the lateral
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Figure 1 | Magnetoresistive effects in planar junctions. a, Sketch of the
GMR and TMR effect, in which two magnetic electrodes are separated by a
non-magnetic metal or an insulator, respectively; in the sketch the
conductance is larger for the parallel than for the antiparallel magnetization
alignment. b, The (T)AMR effect does not require a magnetic sensor
electrode and arises from intrinsic spin–orbit coupling within the magnetic
layer; the conductance for the out-of-plane (up or down) magnetization is
different to that of the in-plane magnetization. c, The NCMR proposed in
this work leads to different conductance signals for collinear compared with
non-collinear magnetic states.
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distance d from its centre for several magnetic field values.
We relate the degree of non-collinearity in the centre of a skyrmion
with the angle αc between a central atom and its neighbouring
spins, and find that αc scales linearly with B (inset of Fig. 3a).
Figure 3b displays spectra taken at the centre of one skyrmion at
different applied fields, as indicated, together with reference
spectra of the FM background. One can clearly see a systematic
shift of the higher-energy peak with the applied field. The
peak shift ΔE with respect to the peak of the FM state is roughly
linear with αc (inset of Fig. 3b), which corroborates our proposal
of an effect of the local magnetic non-collinearity on the
electronic properties. The laterally resolved dI/dU maps at the FM
peak energy in Fig. 3c show how the maximum of non-collinearity
moves from the rim of the skyrmion to its centre with
increasing magnetic field, in agreement with the skyrmion profiles
in Fig. 3a.

For the FM state, the experimental dI/dU spectra (Figs 2d
and 3b) are in good agreement with the vacuum LDOS calculated
by density functional theory (DFT)10 (Fig. 4a). The vacuum
LDOS is typically dominated by states close to the �Γ point. A
detailed analysis of the spin-resolved band structure and LDOS
(Supplementary Sections 2 and 3) reveals that the sharp peak at
about +0.9 eV stems from the minority d states, whereas the
step-like LDOS of the majority spin channel is caused by bands
of s and p character.

In a non-collinear spin structure, there is a mixing between the
two spin channels that results in a change of the band structure
and the LDOS29. This is seen in DFT calculations for the spin
spiral phase (Supplementary Sections 2 and 3), which are in agree-
ment with the corresponding experimental data (Supplementary
Section 4). To capture the key physics of this band mixing for
two-dimensional (2D) localized skyrmions and to include the
skyrmion profiles12 (Fig. 3a) we use a tight-binding (TB)
model. The corresponding Hamiltonian at every atom site is
given by

H0 =
ϵ↑ 0
0 ϵ↓

( )
(1)

where ϵ↑, ϵ↓ are the on-site energies of the two states. Based on
DFT for the FM state, we describe the electronic states of PdFe/
Ir(111), which dominate the vacuum LDOS, by using a majority
band with a hopping parameter t↑ = −0.5 eV, and a minority band
with t↓ = +0.09 and ϵ↑ − ϵ↓ = 3.1 eV, as depicted in green and
red in Fig. 4b. The corresponding spin-resolved LDOS in the
vacuum for the FM state is qualitatively very similar to that
obtained by DFT calculations10 (compare Fig. 4a,c) and a
similar agreement is obtained for the spin spiral states
(Supplementary Section 3). The non-collinearity within the
skyrmion leads to a mixing between the majority and the
minority spin channels and the hopping between adjacent
atomic sites can be described by the matrix

V(αij) =
t↑ cos(αij /2) −t↑↓ sin(αij /2)
t↓↑ sin(αij /2) t↓cos(αij /2)

( )
(2)

where αij is the angle between the spins on neighbouring sites i
and j and t↑↓ = −t↓↑ describes the nearest-neighbour hopping
matrix element between the two states.

Before solving this TB model for a realistic skyrmion profile,
it is instructive to study the effect of the spin mixing in a simpli-
fied way. We assume that the matrix V(αij) is the same for all
atom sites by fixing all αij to the same angle α and thus obtain a
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Figure 2 | Individual skyrmions in PdFe/Ir(111). a, Sketch of a magnetic skyrmion; cones represent the magnetization direction. b, Perspective view of
an STM constant-current image, colour-coded with the dI/dU signal; yellow areas indicate PdFe and red circular entities are magnetic skyrmions;
Pd is in a hexagonal close-packed stacking arrangement on the face-centred cubic stacked Fe on Ir (B = +1.8 T, U = +0.7 V, I = 1 nA, T = 8 K). c, Closer
view dI/dU map of two skyrmions; the inset presents a profile along the arrow (B = −2.5 T, U = +0.7 V, I = 1 nA, T = 4 K). d, dI/dU tunnel spectra in
the centre of a skyrmion (red) and outside the skyrmion in the FM background (black) (B = −2.5 T, T = 4 K; stabilization parameters, U = −1 V, I = 1 nA).
a.u., arbitrary units.
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Figure 3 | Magnetic field-dependent properties of an individual skyrmion.
a, Skyrmion profiles for different magnetic field values, plotted as polar angle
θ of the magnetization versus distance from the skyrmion centre (obtained
from fits to spin-polarized STM measurements12). Inset: evolution of the
angle between a central spin of a skyrmion and its neighbours, αc, with the
external magnetic field B. b, dI/dU tunnel spectra measured with a W tip
in the centre (Sk) and outside (FM) of an individual skyrmion at different
magnetic field values (T=8 K; stabilization parameters U=−0.3 V, I=0.2 nA).
Inset: evolution of the energy shift of the high-energy peak with respect to
the FM state, ΔE, as a function of the angle between spins in the centre of
the skyrmion, αc (see the inset in a for the relation between αc and B).
c, Corresponding laterally resolved dI/dU maps (U=+0.7 V, I= 1 nA, T= 8 K).
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periodic system with a well-defined band structure. Figure 4b
shows that a non-zero value of α (orange) leads to the formation
of a gap in the band structure near the �Γ point at which the bands
were crossing formerly. This leads to the emerging two-peak
structure in the vacuum LDOS (see Fig. 4c), in good agreement
with the experimental dI/dU spectra taken at the skyrmion
centre (Fig. 2d).

The energy splitting between the peaks in the vacuum LDOS
increases with the angle α between adjacent spins, as demonstrated
in Fig. 4d, and α can be correlated to the magnetic-field dependent
nearest-neighbour angle in the centre of a skyrmion αc (see the
Fig. 3a inset). We include the experimentally determined magneti-
zation profile of a skyrmion12 (Fig. 3a) by now choosing αij in the
matrix V(αij) differently for all nearest-neighbour sites of the hexa-
gonal lattice according to the local spin orientation and solve this
full nearest-neighbour TB model numerically (Methods).
Qualitatively, the LDOS at the centre of the skyrmion behaves as
in the periodic TB model. However, taking into account the whole
spin structure of the skyrmion leads to a larger shift of the high-
energy peak with αc, as shown in Fig. 4e. We attribute the better
quantitative agreement with the experimental data to the fact that
the local variation of the electronic structure within the skyrmion
is captured within the full TB model.

Another means to study the effect of non-collinearity is to use the
spatial-resolution capabilities of STM to investigate the electronic
properties within one skyrmion as a function of distance to the
centre. As anticipated from the plot in Fig. 3a, the spectra of a sky-
rmion at B = −2.5 T show a continuous variation of the peak pos-
ition from the FM spectrum to the spectrum in the centre of the
skyrmion (bottom and top spectra in Fig. 5a, respectively). The lat-
erally resolved vacuum LDOS from the full TB model (Fig. 5b) also
shows a peak shift, in very good agreement with the experiment. To
further analyse the effect of non-collinearity on the electronic
properties for PdFe/Ir(111), we extract the energy shift ΔE of

the high-energy peak with respect to the FM spectrum for both
the experimental data and the calculations and plot it against the
lateral distance to the skyrmion centre (Fig. 5c). Whereas the evol-
ution of ΔE across a skyrmion at B = −2.5 T has a maximum at the
centre, the maximum ΔE for a skyrmion at B = −1 T (Fig. 5d) is
much smaller and lies on a circle around the skyrmion centre
with a radius of about 1.5–2 nm, in agreement with the results
shown in Fig. 3a,c.

Although in a local STMmeasurement we obtain a signal change
caused by the non-collinear magnetoresistance (NCMR) of up to
100% for the small skyrmions at −2.5 T (inset of Fig. 2c), the net
NCMR will be reduced in spatially averaging planar tunnel junc-
tions. In such a geometry, which is more relevant for applications,
large angles in the centre of a skyrmion are not required or even
advantageous, but instead one can profit from an increased area
of non-collinear spin arrangements. In our system, for instance,
the NCMR of a skyrmion in a 100 nm2 junction would be twice
as large at −1 T compared with that at −2.5 T, because the smaller
local signal is overcompensated by the larger skyrmion size
(compare Fig. 5c,d).

Our work demonstrates the impact of the degree of non-colli-
nearity of a spin structure on the corresponding differential
tunnel conductance. In contrast to the GMR, TMR and (T)AMR,
in which the signal depends on the local magnetization direction
(Fig. 1), the NCMR is sensitive to the local magnetic environment
and does not require a magnetic electrode for detection. As it orig-
inates from the spin mixing of bands of opposite spin channels,
which is a general effect in non-collinear spin structures that
results in a change of the local electronic structure, we anticipate
that this NCMR effect occurs in a wide range of magnetic materials
and is not limited to the tunnel regime. In particular, we propose to
use NCMR for the detection of nanoscale skyrmions with a non-
magnetic electrode in racetrack-type spintronic devices6,30 with
planar tunnel junctions as stationary read heads.
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Methods
Methods and any associated references are available in the online
version of the paper.
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Figure 5 | Spatial variation of the differential tunnel conductance and the
calculated vacuum LDOS within a skyrmion. a, Experimental dI/dU tunnel
spectra measured with a W tip at different lateral positions d of the
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Methods
We apply the Greens-function technique31 to solve numerically the two-band
nearest-neighbour TB model given by equations (1) and (2). We use the hopping
parameters given in the text and solve the TB model for a 2D hexagonal lattice of
(30 × 30) atom sites with periodic boundary conditions in the y direction and semi-
infinite FM lattices in the x direction, which is the close-packed direction. The local
spin-quantization axis on the atomic lattice, which determines the angle αij for
nearest-neighbour sites i and j in equation (2), is chosen according to the skyrmion
profile12 θ(d) (see Fig. 3a). We account for the broadening of bands that results from
hybridization with the metal substrate by adding an imaginary term −iγ to the
diagonal elements of our Hamiltonian, with γ = 0.1 eV. The value of t↓↑ = 0.17 eV
was adapted to the experimentally observed peak shift. We obtained the vacuum
LDOS by introducing additional sites in the vacuum. Hopping parameters,

taking the exponential decay into account, connect the atomic lattice sites
and the vacuum sites. The hopping matrix element between adjacent vacuum
sites leads to a free electron-like dispersion and the on-site energy models the
vacuum barrier.

In the periodic TB model, the vacuum decay of the electronic states is taken into
account by the exponential factor exp (−2z√((2mφ/h− 2) + k2∥)), where z is the
distance from the surface, φ is the work function and k∥ is the Bloch vector28.
Owing to the k∥ dependence, the vacuum decay favours states in the vicinity of
the �Γ point of the 2D Brillouin zone, as shown in Fig. 4.
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