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A large noncollinear magnetoresistance (NCMR) is observed for Rh/Co atomic bilayers on Ir(111)
using scanning tunneling microscopy and spectroscopy. The effect is 20% at the Fermi energy and large in
a broad energy range. The NCMR can be used to electrically detect nanometer-scale domain walls and
skyrmions directly in the tunnel current without the need for a differential measurement. The NCMR results
from changes in the density of states of noncollinear spin textures with respect to the ferromagnetic state.
Density functional theory calculations reveal that they originate from spin mixing between majority d,, and

minority p, states.
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It has been proposed to use localized, stable spin
structures on a nanometer scale—such as domain walls
(DW5s) or skyrmions—in future magnetic memory or logic
applications [1-4]. Key steps towards realizing such device
concepts are the controlled writing and deleting of single
nanoscale magnetic entities as well as the readout of the
magnetic information. In planar magnetic tunnel junctions
DWs have been detected via magnetoresistance effects
[5.6]; however, despite several theoretical predictions [7,8],
the detection of skyrmions has so far been reported only
once [9]. In terms of simplified device fabrication and
integration into present technologies all-electrical readout
schemes of magnetic bits [10] are beneficial. The anoma-
lous Hall effect allows such electrical detection of DWs
[11] as well as skyrmions [12,13]; however, for such lateral
transport measurements a Hall bar junction needs to be
integrated into the device structure.

An alternative route is to exploit the recently discovered
noncollinear magnetoresistance (NCMR) [14] which has
been observed in scanning tunneling microscopy (STM)
experiments and allows all-electrical detection of skyr-
mions [14—-16]. This effect occurs due to spin mixing of the
two spin channels in a noncollinear spin structure [14,17].
Therefore, it is typically much larger than the tunneling
anisotropic magnetoresistance [18,19], which stems from
spin-orbit coupling. However, so far the NCMR has only
been reported for skyrmions in two different Fe-based films
and only at bias voltages a few 100 meV away from the
Fermi energy [14—16], which is not well suited for potential
device applications in planar tunnel junctions.

Here, we report the observation of a large NCMR in
Rh/Co atomic bilayers on Ir(111) in a broad energy range,
with about 20% at the Fermi energy. This allows for an easy

0031-9007/19/123(23)/237205(5)

237205-1

detection of nanometer thin DWs as well as sub-5 nm
magnetic skyrmions using scanning tunneling microscopy
(STM). The observed NCMR can be explained based on
density functional theory (DFT) calculations of the elec-
tronic structure of the Rh/Co films. The NCMR stems from
spin mixing of majority d,, and minority p, states and it
can be well described within a simplified tight-binding
model. We find that the contribution from spin-orbit
coupling is small in comparison.

Figure 1(a) shows an overview image of a sample of
Rh/Co/Ir(111) [20], where the constant-current topogra-
phy is colorized with the spin-resolved differential con-
ductance dI/dU. The submonolayer amount of Co grows
in step-flow growth mode from the step edges of the Ir(111)
single crystal surface. The subsequently deposited Rh
forms monolayer high islands of both stackings on the
Co stripes and directly on the bare Ir surface (see Ref. [21]).
Here, we will focus on the hcp-stacked Rh on the Co
monolayer, which can be identified in Fig. 1(a) by the blue
color. The two different shades of blue originate from the
tunneling magnetoresistance (TMR) effect and represent
the two oppositely magnetized out-of-plane ferromagnetic
(FM) orientations. The brighter lines separating two FM
domains are the DWs, which show a higher dI/dU signal
compared to that of the FM domains due to the NCMR of
this Rh/Co atomic bilayer [20]. A circular DW, represent-
ing a magnetic skyrmion with a diameter of about 3 nm, is
indicated by the red circle [20].

The dI/dU map of Fig. 1(b) was obtained with a spin-
averaging tip and now the DWs, visible as brighter lines,
separate domains that do not exhibit a magnetic contrast.
When the tip is modified by gentle tip-sample collisions it
can become spin polarized, and the dI/dU map of Fig. 1(c)
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FIG. 1. (a) Constant-current STM image colorized with the
spin-resolved dI/dU signal of a sample of about 0.4 atomic
layers of Rh on 0.6 atomic layers of Co on Ir(111). The hcp-
stacked Rh islands can be identified by their blue color, thin lines
indicate DWs between oppositely oriented out-of-plane FM
domains. The red circle highlights a skyrmion observed in the
hep-Rh/Co atomic bilayer. The corresponding color bar is shown
below. (b) and (c) dI/dU maps of identical sample areas imaged
with spin-averaging and spin-resolving tip, respectively; the
bright roughly triangular-shaped objects on the hcp-Rh/Co are
small islands of Rh on top of the film. Images (a)—(c) were taken
atT =42 K, U = -250 mV, and I = 0.8 nA with a Cr bulk tip.
(d) Line profile across a modeled magnetic skyrmion with a
diameter of 5 nm and corresponding STM simulations of (e) the
TMR signal with a canted tip magnetization, (f) the NCMR
signal, and (g) a combination of both.

was obtained with such a spin-sensitive tip, now giving rise
to a two-stage TMR contrast for the oppositely magnetized
FM domains. There is also a variation of the dI/dU signal
on the DWs, meaning that the tip magnetization is canted
and thus sensitive to both out-of-plane as well as in-plane
magnetization components. We find that all three darker
domains show a higher TMR signal on the DW to the right
side, which demonstrates that all three magnetic structures
have the same sense of magnetization rotation caused by
the interfacial Dzyaloshinskii-Moriya interaction (DMI); in
thin-film systems it favors Néel-type DWs and skyrmions
with unique rotational sense.

We illustrate the details of the observed dI/dU contrasts
by STM simulations [14,26] (see Ref. [21]) of an individual
skyrmion, see skyrmion profile in Fig. 1(d), using different
contributions for the TMR and the NCMR signal. An STM
simulation using only TMR with a canted tip magnetization
direction is shown in (e): in this example the core of the
skyrmion is darker than the surrounding FM background,
and the DW is brighter on the upper right side of the

skyrmion and darker on the lower left side. We model the
NCMR as proportional to the average angle between a spin
and its nearest neighbor spins. When only NCMR is
considered in the STM simulations a bright ring is
observed, Fig. I(f), in agreement with the data in
Fig. 1(b) obtained with a spin-averaging tip. To reproduce
the features of the dI/dU map shown in Fig. 1(c) both
TMR and NCMR contributions need to be included in the
STM simulation, see Fig. 1(g).

In order to reveal the origin of the electronic NCMR
contrast which allows an all-electrical detection of DWs
and skyrmions we performed dI/dU spectroscopy and
compare it with DFT calculations. The DFT calculations
were carried out using the FLEUR code [27] which is
based on the full-potential linearized augmented plane
wave method. Computational details can be found in
Ref. [21]. Figure 2(a) shows a spin-polarized dI/dU
map of Rh/Co with three FM domains separated by two
DWs. The spin-averaged spectra for FM domains and DWs
displayed in Fig. 2(b) were obtained by averaging the two
spectra on oppositely magnetized FM domains, and DWs,
respectively [see colored dots in Fig. 2(a)]. The two peaks
found in the dI/dU spectra show different intensities and
energies for the FM domain compared to the DW. The
magnetoresistance (MR), defined as

_ dl/dUry — dl/dUpy

MR
dl/dUgy,

(1)

is shown in Fig. 2(c) as a function of the sample bias
voltage. We find that the NCMR is large in a broad energy
window. It is around 20% at the Fermi energy, which
implies that DWs and skyrmions can also be detected in
transport measurements with planar tunnel junctions, as
anticipated for applications.

Within the Tersoff-Hamann model the dI/dU signal is
proportional to the local density of states (LDOS) in the
vacuum a few A above the surface [28]. We locally
approximate the spin structure within the DW by a
homogeneous spin spiral which can be calculated via
DFT [23]. Figure 2(d) shows the vacuum LDOS of
Rh/Co/Ir(111) obtained via DFT for the FM state and
for homogeneous spin spirals propagating along the direc-
tion of nearest neighbors (I' — K direction) with varying
angle 6 between neighboring spins [see inset of Fig. 2(d)].
The changes of the electronic structure originate from the
noncollinearity of the spin texture [29]. In the FM state
there is a pronounced vacuum LDOS peak just above the
Fermi energy, Er, and a smaller peak about 0.2 eV lower in
energy. This peak structure is similar to that found in the
experimental dI/dU spectrum of the FM domains.

As the angle in the spin spiral increases, the peak near the
Fermi energy shifts to higher energies and drops in height.
This behavior is roughly linear in 6 [Fig. 2(f)] as in
Pd/Fe/Ir(111) [14]. For an angle of § = 16.4° the peak
shift and height drop are in good agreement with the
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(a) Spin-resolved dI/dU map of Rh/Co/Ir(111) with three FM domains separated by two DWs measured at —250 mV.

(b) Spin-averaged dI/dU spectra obtained by averaging the spectra taken at the color-coded points in (a), feedback switched off at —1 V
and 1 nA; see also Ref. [21]. (c¢) NCMR calculated according to Eq. (1) using the two spectra in (b). (d) Calculated vacuum LDOS 3 A
above the film of Rh/Co/Ir(111) for the FM state (gray curve) and for spin spirals with different nearest-neighbor angles 6 (colored
curves). The zero line is aligned with that in (b). The inset shows a sketch of the hexagonal atomic lattice with the spin spiral propagation
direction given by q and the angle 6 between spins on neighboring sites. (¢) NCMR calculated from the FM and spin spiral vacuum
LDOS for different . (f) Peak position (Ep) relative to E (black points) and peak intensity relative to the main peak of the FM state at
Er 4 0.04 eV (red points) for the calculated spin spiral curves as a function of 6.

experimental observation between the FM domain and DW.
This angle corresponds reasonably well to the maximum
nearest neighbor angle of about 19° obtained for the center
of a DW with a width of about 0.8 nm (see Ref. [20] for
experimental DW profiles).

The theoretical MR shown in Fig. 2(e) is obtained by
using the energy-dependent vacuum LDOS in the FM and
the spin spiral state instead of the dI/dU signal. As in the
experiments it is large in a broad energy regime including
the Fermi energy [30].

We have checked the contribution of spin-orbit coupling
(not taken into account in the spin spiral calculations) to the
magnetoresistance by calculating the vacuum LDOS for a
FM film with a magnetization direction in the film plane
and perpendicular to the film. The changes in this tunneling
anisotropic magnetoresistance are below 5% and vary on a
much smaller energy scale (see Ref. [21]). Therefore, we
conclude that the experimentally observed electronic effect
is dominantly due to spin mixing, i.e., the NCMR.

Deeper insight into the origin of the NCMR effect can be
obtained by taking a look at the LDOS within the surface
layer, see Fig. 3(a). Because of hybridization with the Co
layer the LDOS of the Rh atoms is spin polarized and the
Rh atoms exhibit a magnetic moment of about 0.64p in the
FM state. From an analysis of the Rh LDOS we find that
the characteristic double peak structure in the vacuum
LDOS around Ey stems from minority p, orbitals which
decay slowly into the vacuum as they are pointing out of the
surface; the majority d,, states only have a minor con-
tribution to the vacuum LDOS.

Upon rotation of the spin direction of adjacent magnetic
moments within the Rh/Co bilayer the minority p, peak
slightly above Er moves to higher energies and is reduced

in peak height. The peak below E also slowly diminishes
with increasing angle and an additional peak appears at an
energy of about 0.3 eV below E. This modification of the
LDOS of the minority p, state is directly reflected in the
vacuum LDOS [cf. Fig. 2(d)]. The majority spin counter-
part for the spin mixing is a d,, state located at
Er —0.25 eV [Fig. 3(a) top], which, accordingly, also
changes and shows a peak shift to lower energies along
with decreasing peak height with increasing rotation angle
6. The spin mixing in the adjacent Co layer involves similar
states (see Ref. [21]).

The effect of spin mixing between the two states can be
understood within a simplified tight-binding model that can
be solved analytically. We consider two states located at
energies €, and € in the majority and minority spin
channel, respectively. The hopping between the two states
t(0) depends on the angle € between the spin quantization
axes of adjacent atoms within the film according to the spin
rotation matrices, i.e., #(0) = f,sin@/2. The Hamiltonian
of this model is given by

. €T —t (0)
H= (-r(e) e, )
Because of hybridization with the neighboring atoms the
states are broadened with a full width at half maximum of

¥1,,» Which is incorporated into the model by the self-
energy X given by

(1)
0 -y,

and the Green’s function G(E) can be determined from the
equation (El — H — X)G(E) =1, which yields the LDOS

(2)

(3)
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Orbital and spin decomposition of the local density of states (LDOS) at the Rh atom. (a) LDOS of the majority d,, (upper

panel) and minority p, states (lower panel) obtained from DFT calculations for spin spiral states with an angle 6 between adjacent spins
as given in the legend. (b) LDOS of the states obtained within a simplified two-state tight-binding model (see text for details).

in the two spin channels from the diagonal elements of the
Green’s function: n,(E) = —(1/z)Im[G,,(E)].

We obtain the model parameters by fitting Lorentzian
curves to the majority d,, state and the minority p, state,
which yields e, = Ep—0.25eV, y;=0.12eV and
€, =Er+0.04 eV, y, ~0.22 eV, respectively. The hop-
ping matrix element 7, = 1.5 eV is fixed such that the shift
of the p, state at an angle of 6 = 16.4° agrees with that
from the DFT calculation.

The LDOS obtained from this model for the FM state,
i.e., without spin mixing and a vanishing nondiagonal part
of the Hamiltonian, is displayed in Fig. 3(b) as gray lines
for the two spin channels. Upon increasing 6 the hopping
term rises and spin mixing between the two states occurs.
Because of this hybridization the peak of the minority p,
state moves to higher energies and its intensity drops,
which leads to the characteristic behavior seen in Fig. 2(f).
The majority d,, state moves to lower energies and
decreases. The similarities with the full DFT calculation
show that the simplified model already captures the
essential physics of the spin mixing [31].

In conclusion, we have observed a large noncollinear
magnetoresistance (NCMR) of 20% at the Fermi energy
in ultrathin Rh/Co films, enabling the detection of
nanoscale domain walls and skyrmions in tunnel junc-
tions with a nonmagnetic electrode. The origin of this
effect stems from spin mixing between p and d states as
shown based on first-principles calculations. This dem-
onstrates that the NCMR is not limited to Fe-based
materials but that it is a general phenomenon and
consequently also occurs in Co-based films. Because
the states involved in the spin mixing are close to the
Fermi energy, the NCMR is large at zero bias, high-
lighting its potential as an all-electrical readout concept
for spintronic applications to detect localized spin textures
such as domain walls and skyrmions.
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