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Interface-driven chiral interaction in ultrathin ferromagnets on underlayers 
with strong spin-orbit coupling (SOC)
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Some possible chiral spin textures
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of

B

D B = 0 TSpin spiral phaseA

C Ferromagnetic phase B = +2 TG

Skyrmion phaseB

50 nm

B = +1 T

B = +1.4 T

+5
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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Figure 4 | Current-driven dynamics of chiral Néel DWs. a, Illustration of left-handed chiral Néel DWs in Pt/CoFe/MgO. The effective field HSL from the
Slonczewski-like torque moves adjacent up–down and down–up domains with velocity vDW in the same direction against electron flow je. b, DW velocity as
a function of electron current density je, calculated using the 1D model, with the SHE alone, the SHE and STT (SHE+STT), and the SHE and the DMI
(SHE+DMI). The parameters used in this calculation are in the Methods. c,d, Spin-torque efficiency for DW motion in Pt/CoFe/MgO under applied
longitudinal field HL (c) and transverse field HT (d). e,f, DW velocity at a constant current je = �3.0⇥ 1011 A m�2 as a function of HL (e) and HT (f).
g,h, Calculated DW velocity at je = �3.0⇥ 1011 A m�2 as a function of HL (g) and HT (h) using the 1D model.

that the Rashba effect cannot be the source of these features8–11,26,27.
Furthermore, as any contribution to the Slonczewski-like torque
by the Rashba effect18 enters as a correction proportional to the
non-adiabicity parameter � < 1 (refs 26,27), the fact that HSL is
heremuch larger thanHFL implies that the Rashba effect contributes
negligibly to the Slonczewski-like torque.

In Ta/CoFe/MgO (Fig. 3d), HFL was in contrast quite large,
⇡400Oe per 1011 Am�2, and its direction was the same as in
Ta/CoFeB/MgO (ref. 23) and opposite to Pt/CoFe/MgO and
Pt/Co/AlOx (refs 17,22). This result suggests that in addition
to the Slonczewski-like torque, a strong Rashba field17,22,23 may
exist in this sample. However, the origin of the measured HFL
is beyond the scope of the present discussion and will require
further investigation.

As summarized in Fig. 3e,f, the current-induced torques are
opposite in Pt/CoFe/MgO and Ta/CoFe/MgO, as are the direction
of current-driven DW motion and the sign of the spin Hall
angles in Pt and Ta. Here we consider in detail the case of
Pt/CoFe/MgO, in which the field-like torque is unambiguously
small. One-dimensional (1D) model calculations29 in Fig. 4b (see
Methods and Supplementary Information) show that Bloch DWs
cannot be driven by the SHE alone, in agreement with previous
reports16,27 and with the symmetry of the Slonczewski-like torque.
In the 1D model with ✓SH > 0 and with no transverse Rashba field,
the addition of conventional STT enables sustained DW motion,

but its direction is along electron flow (Fig. 4b). No combination
of the SHE and STT reproduces the experimentally observed DW
motion against electron flow (Supplementary Information), and
moreover conventional STT is probably absent as argued above.
Thus, an alternative mechanism is required whereby the SHE alone
can drive DWmotion.

Néel DWs have an internal magnetization that would align with
the nanowire axis, such that the Slonczewski-like torque would
manifest as a z-axis field16 as experimentally observed (Fig. 1).
However, the direction of HSL depends of the sense of the DW
magnetization, and the direction of DWmotion varies accordingly
(Supplementary Information). Figure 4a illustrates Néel DWs with
oppositely directed internalmagnetization for up–down anddown–
up transitions, exhibiting a left-handed chiral texture2. On the basis
of the sign of the measured Slonczewski-like torque (Figs 2 and
3), these chiral DWs move against electron flow in Pt/CoFe/MgO
and along electron flow in Ta/CoFe/MgO. Although Bloch DWs
are magnetostatically preferred28, adding the DMI to the 1D model
stabilizes such chiral Néel DWs (ref. 7;Methods and Supplementary
Information), leading to qualitative behaviour in agreement with
experiment (Fig. 4b).

Finally, we assess the rigidity and chirality of the Néel DWs in
Pt/CoFe/MgO using applied in-plane fields. In Fig. 4c,d we show
that the spin-torque efficiency, extracted similarly to Fig. 1d, is
insensitive to HL up to at least 600Oe, but declines significantly

614 NATUREMATERIALS | VOL 12 | JULY 2013 | www.nature.com/naturematerials
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on the controlled motion of these particle-
like magnetic nanostructures.

Today’s hard-disk drives achieve very 
high densities of information storage, 
but the complexity and fragility of their 
mechanical parts motivate the need for 
solid-state devices with comparable or 
higher bit densities. The archetype of such 
devices is the so-called racetrack memory5 
in which the information is coded in a 
magnetic nanoribbon by a train of up or 
down magnetic domains separated by 
domain walls (DWs). The train of DWs can 
be moved electrically by spin torque to read 
or write the magnetic information. However, 
challenges such as reducing the critical 
currents for DW motion while keeping 
high velocities and avoiding the detrimental 
effects of defects must be addressed before 
this approach can be translated into a 
competitive technology. The intrinsic 
properties of magnetic skyrmions might 
help tackle most of these issues. 

The origin of skyrmions
The spin texture of a magnetic skyrmion6 

is a stable configuration (or metastable 
in some cases) that, in most systems 
investigated up to now, originates 
from chiral interactions, known as 
Dzyaloshinskii–Moriya interactions 
(DMIs)7–9. Such interactions are induced 
because of the lack or breaking of inversion 
symmetry in lattices or at the interface 
of magnetic films, respectively. The DMI 
between two atomic spins S1 and S2 can be 
expressed as: HDM = −D12 · (S1 × S2).

For ultrathin magnetic films, which 
are the main focus here, interfacial DMIs 
have been predicted10 from a 3-site indirect 
exchange mechanism11 between two atomic 
spins S1 and S2 with a neighbouring atom 
having a large SOC. The resulting DMI 
vector is perpendicular to the plane of the 
triangle (Fig. 1e). At the interface between 
a ferromagnetic thin layer and a metallic 
layer with a large SOC, this mechanism 
generates a DMI for the interface spins S1 
and S2 with the DMI vector D12 shown in 
Fig. 1f (ref. 10). The existence of such an 
interfacial DMI has also been derived from 
ab initio calculations for the Ir(111)/Fe 

interface12. The magnitude of the interfacial 
DMI can be very large, ~10–20% of 
the exchange interaction in analytical 
calculations10,11 and up to 30% in ab initio 
calculations12.

Starting from a ferromagnetic state 
with S1 parallel to S2, the DMI tilts S1 with 
respect to S2 by a rotation around D12. In 
a two-dimensional (2D) ferromagnet with 
uniaxial anisotropy and a non-negligible 
DMI compared with the exchange 
interaction, the energy is minimized by the 
skyrmion structure in Fig. 1a for D12 � R12 
and Fig. 1b for D12 || R12, where  R12 is the 
vector joining the site of S1 to the site of 
S2. The extension of this principle to a 3D 
lattice is straightforward, the skyrmion 
structure is obtained by a translation 
along the anisotropy axis and is made of 
skyrmion tubes.

A large value of the ratio between 
D = |D12| and the exchange coupling J 
favours a faster rotation of the spin, reducing 
the skyrmion size (at least in the absence 
of other interactions like edge effects). The 
smaller skyrmion size in skyrmion lattices 

HDM = −D12 (S1 × S2)

Large SOC

D12

S2

S1

Large SOC

D12

S2

S1

a

b

dc

90 nm

e f

Figure 1 | Spins in a skyrmion. a,b, Skyrmions in a 2D ferromagnet with uniaxial magnetic anisotropy along the vertical axis. The magnetization is pointing up on 
the edges and pointing down in the centre. Moving along a diameter, the magnetization rotates by 2π around an axis perpendicular to the diameter (a) and by 
2π around the diameter (b), which corresponds to different orientations of the Dzyaloshinskii–Moriya vector. c, Lorentz microscopy image13 of a skyrmion lattice 
(of the type shown in  Fig. 1b) in Fe1−xCoxSi. d, Sketch of a nano-skyrmion structure observed in Fe monolayers on Ir(111) (ref. 12). e, Schematic of a DMI generated 
by indirect exchange for the triangle composed of two atomic spins and an atom with a strong SOC11. f, Sketch of a DMI at the interface between a ferromagnetic 
metal (grey) and a metal with a strong SOC (blue). The DMI vector D12 related to the triangle composed of two magnetic sites and an atom with a large SOC 
is perpendicular to the plane of the triangle. Because a large SOC exists only in the bottom metal layer, this DMI is not compensated by a DMI coming from a 
symmetric triange10. Figure reproduced with permission from: a,b, ref. 24, © K. Everschor, Univ. of Köln; c, ref. 13, © 2010 NPG; d, ref. 12, © 2011 NPG.

© 2013 Macmillan Publishers Limited. All rights reserved
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velocities, identical to those of current 
driven DW motion, (iii) realistic strong 
pinning sites give rise to depinning currents 
that are larger than those derived from Hall 
effect measurements19 or simulations26 with 
skyrmion lattices but are still much smaller 
than in most experiments with DWs, and 
(iv) the generation of skyrmions in tracks 
similar to those in Fig. 3b,c is the next 
important experimental challenge on the 
way towards realizing devices. At present, 
we are using the same types of simulation 
to test several possible mechanisms (J. 
Sampaio, V. Cros, S. Rohart, A. Thiaville 
and A. Fert, unpublished observations).

Technological interest of skyrmions
The ultimate small size of the skyrmions 
and the possibility of moving them with 
electrical currents of very small density 
make them promising candidates for 
several types of spintronic storage or logic 
device27. Similar to DW-based racetrack 
memory, where the information is coded 
by pairs each consisting of a DW and 
a magnetic domain, information could 
be coded by skyrmions in a magnetic 
nanoribbon. The spacing between bits 
could be of the order of magnitude of 
the skyrmion diameter (down to a few 
nanometres), as in the simulations in 
Fig. 3b,c. This is much smaller than 
the spacing between pairs of DWs and 
magnetic domains in a DW race track 
(DW widths can also be as small as a 
few nanometres but the size of magnetic 
domains can hardly be reduced below 
30–40 nm). Although the ratio between 
velocity v and current density J is not 
expected to be very different for DWs 
and skyrmions, smaller sizes and shorter 
spacings for skyrmions could allow faster 
information flows with similar current 
densities, or, alternatively, similar flows 
with smaller current densities down 
to the very small depinning currents, 
leading to lower energy consumption. 
These advantages might also be exploited 
in several other spintronic devices such 
as magnetic random access memories in 
which a skyrmion is moved into, or out 
from, one of its electrodes.

The applications described above are 
implicitly for skyrmions in thin films. 
Until now, however, skyrmions have 
only been observed in crystals without 
inversion symmetry at temperatures below 
room temperature, and up to 250 K in 
FeGe (refs 15,16). Room-temperature 
observations are still also lacking for 
interface-induced skyrmions as the SP-
STM experiments, for technical reasons, 
have always been performed at low 
temperatures. However, from the calculated 

stabilization energy12, skyrmions in Fe on 
Ir(111) are expected to be stable at room 
temperature, also demonstrated by the 
micromagnetic simulations we performed 
with realistic DMIs. Also considering the 
unexplored possibilities of multilayered 
structures with active interfaces, we are 
reasonably optimistic on the potential 
of interface-induced skyrmions. In our 
opinion, the best solution should not be 

ultrathin layers like those used in the 
SP-STM experiments but slightly thicker 
layers in which the dilution of the interface 
effect could produce metastable individual 
skyrmions in a stable ferromagnetic state. 
Confined geometries like that shown in 
Fig. 3b–d are of high interest.

On the road
The exploration of the world of magnetic 
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Figure 3 | Skyrmion velocity. a, Deviation of the MnSi Hall resistivity from the normal behaviour (left 
y-axis), and the calculated corresponding velocity of the skyrmion lattice along the current direction 
(right y-axis) as a function of the current19,24. jc, depinning current. b–d, Micromagnetic simulations of 
current-induced motion of individual skyrmions or chains of skyrmions in 500 × 40 × 0.4 nm3 Co stripes 
with DMI of 1.4 meV per atom for the interface atoms and the different spin current densities indicated. 
The positions are indicated at t = 0 and either t = 2.8 ns or 1 ns, the corresponding velocity is also shown. 
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of enhanced anisotropy (jc is between the two current values). d, Individual skyrmions and chains of 
skyrmions exhibit the same velocity. The spacing between skyrmions can be smaller than shown in 
the figure and of the order of their diameter. The colour scale shows the out-of-plane component of 
magnetization, mZ. Animations of b–d can be seen in Supplementary Movies S1–S3. Figure reproduced 
from: a, ref. 19, © 2012 NPG.
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velocities, identical to those of current 
driven DW motion, (iii) realistic strong 
pinning sites give rise to depinning currents 
that are larger than those derived from Hall 
effect measurements19 or simulations26 with 
skyrmion lattices but are still much smaller 
than in most experiments with DWs, and 
(iv) the generation of skyrmions in tracks 
similar to those in Fig. 3b,c is the next 
important experimental challenge on the 
way towards realizing devices. At present, 
we are using the same types of simulation 
to test several possible mechanisms (J. 
Sampaio, V. Cros, S. Rohart, A. Thiaville 
and A. Fert, unpublished observations).

Technological interest of skyrmions
The ultimate small size of the skyrmions 
and the possibility of moving them with 
electrical currents of very small density 
make them promising candidates for 
several types of spintronic storage or logic 
device27. Similar to DW-based racetrack 
memory, where the information is coded 
by pairs each consisting of a DW and 
a magnetic domain, information could 
be coded by skyrmions in a magnetic 
nanoribbon. The spacing between bits 
could be of the order of magnitude of 
the skyrmion diameter (down to a few 
nanometres), as in the simulations in 
Fig. 3b,c. This is much smaller than 
the spacing between pairs of DWs and 
magnetic domains in a DW race track 
(DW widths can also be as small as a 
few nanometres but the size of magnetic 
domains can hardly be reduced below 
30–40 nm). Although the ratio between 
velocity v and current density J is not 
expected to be very different for DWs 
and skyrmions, smaller sizes and shorter 
spacings for skyrmions could allow faster 
information flows with similar current 
densities, or, alternatively, similar flows 
with smaller current densities down 
to the very small depinning currents, 
leading to lower energy consumption. 
These advantages might also be exploited 
in several other spintronic devices such 
as magnetic random access memories in 
which a skyrmion is moved into, or out 
from, one of its electrodes.

The applications described above are 
implicitly for skyrmions in thin films. 
Until now, however, skyrmions have 
only been observed in crystals without 
inversion symmetry at temperatures below 
room temperature, and up to 250 K in 
FeGe (refs 15,16). Room-temperature 
observations are still also lacking for 
interface-induced skyrmions as the SP-
STM experiments, for technical reasons, 
have always been performed at low 
temperatures. However, from the calculated 

stabilization energy12, skyrmions in Fe on 
Ir(111) are expected to be stable at room 
temperature, also demonstrated by the 
micromagnetic simulations we performed 
with realistic DMIs. Also considering the 
unexplored possibilities of multilayered 
structures with active interfaces, we are 
reasonably optimistic on the potential 
of interface-induced skyrmions. In our 
opinion, the best solution should not be 

ultrathin layers like those used in the 
SP-STM experiments but slightly thicker 
layers in which the dilution of the interface 
effect could produce metastable individual 
skyrmions in a stable ferromagnetic state. 
Confined geometries like that shown in 
Fig. 3b–d are of high interest.

On the road
The exploration of the world of magnetic 
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Figure 3 | Skyrmion velocity. a, Deviation of the MnSi Hall resistivity from the normal behaviour (left 
y-axis), and the calculated corresponding velocity of the skyrmion lattice along the current direction 
(right y-axis) as a function of the current19,24. jc, depinning current. b–d, Micromagnetic simulations of 
current-induced motion of individual skyrmions or chains of skyrmions in 500 × 40 × 0.4 nm3 Co stripes 
with DMI of 1.4 meV per atom for the interface atoms and the different spin current densities indicated. 
The positions are indicated at t = 0 and either t = 2.8 ns or 1 ns, the corresponding velocity is also shown. 
b,c, Individual skyrmions in perfect stripes (b) and stripes with pinning (c) shown by the shaded triangle 
of enhanced anisotropy (jc is between the two current values). d, Individual skyrmions and chains of 
skyrmions exhibit the same velocity. The spacing between skyrmions can be smaller than shown in 
the figure and of the order of their diameter. The colour scale shows the out-of-plane component of 
magnetization, mZ. Animations of b–d can be seen in Supplementary Movies S1–S3. Figure reproduced 
from: a, ref. 19, © 2012 NPG.

© 2013 Macmillan Publishers Limited. All rights reserved
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What about spin waves?
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• Spin waves are elementary excitations of a magnetic system

• Quantized spin-wave: magnon (cf phonons for elastic waves)

• Dynamic response and low-temperature thermodynamics
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Spin waves as probes of magnetic properties

• e.g., Determine exchange constant from frequencies of perpendicular standing 
spin waves (PSSW)

7

1.6. SPIN WAVES 41

Figure 1.11: Schematization of the lowest order perpendicular standing spin waves
where multiples of half the wavelength fit into the film thickness (see Eq. 1.92). Here
we assumed no surface pinning, which could influence the precession of the spins
near the surface due to di↵erent anisotropy fields (see [88]).

1.6.3 Perpendicular Standing Spin Waves (PSSW)

Previously we only allowed for wave vectors lying inside the sample plane, i.e. the
phase was always uniform through the film thickness for the magnetization aligned
in the plane by an external magnetic field. As we assumed an infinite thin film, the
wave length could be chosen continuously. This is not the case for the out-of-plane
wave vector k? because of the di↵erent boundary conditions: only wavelengths �
with half the wavelength fitting into the film thickness in whole numbers are allowed
due to the confinement (see Fig. 1.11). With k? = ⇡p/�, an approximation of the
dispersion relation is given by [86]:

!2
PSSW =


!H + !e↵ + �

2A

Ms

⇣⇡p

d

⌘2
� 

!H + �
2A

Ms

⇣⇡p

d

⌘2
�

. (1.92)

When expanding this equation and separating the exchange contribution from the
uniform resonance formula, one finds a term being similar to Eq. 1.91. However, in
Eq. 1.91 we expect �2Ak2

k/Ms < !H , while in Eq. 1.92 typically �2Ak2
?/Ms > !H is

found. This is due to the comparatively higher out-of-plane wave vectors and leads
to a shift to considerably higher frequencies. More on the observation of PSSW can
be found in [87]. In chapter 7 we present data on the observation of the thickness
mode of the order p = 1 for 40 nm thick samples and extract the exchange sti↵ness
constants A for the sample material.
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C. Bilzer, ..., JVK et al., J. Appl. Phys. 100, 053903 (2008)
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Spin waves as vectors of information processing
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112 B. Lenk et al. / Physics Reports 507 (2011) 107–136

Fig. 3. CMOS technology scaling versus spin-wave based magnetic circuits, from [6]. For spin-wave circuits, the number of operations per area per time
(throughput) scales inversely proportional with the minimum feature size (wave length) �.

Fig. 4. Schematic analogy of electrons, photons, and magnons in periodic potentials. The dispersion is shown in the reduced zone scheme. Different
dispersions result in characteristic differences in the band structure. A common feature is the possibility of the formation of band gaps. The polarization
(transverse electric (TE) or transverse magnetic (TM)) for photons and the propagation direction k, with respect to the applied magnetic field for magnons
(parallel or perpendicular), are additional free parameters determining the band formation for the latter (the k-scale is logarithmic for magnons).

3. Tailoring artificial materials

To realize devices described in the previous section, it is most convenient to microscopically manipulate the properties
of a single material. This is the origin of the success of the semiconducting materials as silicon, which has a band gap at the
Fermi level. Thus, no states are available for conduction inside the gap region. To design the electronic properties, doping is
necessary. The potential landscape is then formed by a combination of differently doped regions and various devices such
as transistors can be realized to switch current flow through a device on and off. It is the flexibility of the material that
allows a change in the conductivity by orders of magnitude and allows the shaping of the density of states at well-defined
energies with a spatial precision down to nanometers. The band gap and a controlled introduction of defect states defines
this flexibility. In a similar manner, photonic materials can be designed (see Fig. 4). Spectacular examples are materials
with negative index of refraction [13], photonic band gap materials already existing in nature giving it its colorful life,
and controlled ‘‘defects’’ realizing high quality resonators for light waves. These materials own novel properties that are
very different from those of their constituents. Any wave propagating probes a material with effective parameters designed

B. Lenk et al., Phys. Rep. 507, 107 (2011)

• Magnonics: Control of spin waves for information transfer and processing 
(cf. light for photonics)

Example: Engineering band 
structures with metamaterials
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Fermi level. Thus, no states are available for conduction inside the gap region. To design the electronic properties, doping is
necessary. The potential landscape is then formed by a combination of differently doped regions and various devices such
as transistors can be realized to switch current flow through a device on and off. It is the flexibility of the material that
allows a change in the conductivity by orders of magnitude and allows the shaping of the density of states at well-defined
energies with a spatial precision down to nanometers. The band gap and a controlled introduction of defect states defines
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with negative index of refraction [13], photonic band gap materials already existing in nature giving it its colorful life,
and controlled ‘‘defects’’ realizing high quality resonators for light waves. These materials own novel properties that are
very different from those of their constituents. Any wave propagating probes a material with effective parameters designed

B. Lenk et al. / Physics Reports 507 (2011) 107–136 111

Fig. 2. Concepts and first realization using spin-wave based computation: (a) Schematics of a spin-wave bus, and (b) building blocks of a reconfigurable
mesh structure (from [5,6]). (c) Experimental realization of XNOR functionality (logic equality) using a spin-wave interferometer with phase shifter as
reproduced from [9].

the same amplitude are split into different arms of a spin-wave guide. In one arm, the propagating spin wave receives a
phase shift by 180°(⇡). The arms are united and both spin waves interfere destructively. This can be compared to a spin
wave Mach–Zehnder-type interferometer. Different realizations for phase shifters have been suggested; for example, in
micromagnetic simulations, it was shown that a domainwall could be utilized as a phase shifter in one of the interferometer
arms [8]. More generally, the phase shift, slowing down or acceleration in one interferometer arm relative to the other,
depends on the dispersion of the spin wave. The dispersion is naturally modified by the (sometimes complicated) magnetic
structure of the domainwalls, thus the average internal field in the domainwall. Another possibility is to shift the frequency
by locally applying an external magnetic field. In the yttrium iron garnet (YIG) wave guides, which have the lowest damping
of any magnetic material, millimeter propagation length of spin waves in the microwave frequency range can be realized.
In these systems, spin-wave propagation, spin-wave amplification, spin-wave pumping, phase shifters, interferometers and
filters were demonstrated [9,10]. Schneider and coworkers developed in these wave guides a spin-wave logic realizing
exclusive-not-OR and not-AND gates based on the Mach–Zehnder-type interferometer, which will be presented in more
detail. Input and output into the YIG wave guides is implemented by microwave antennas; the signal is propagated in two
YIG arms of the interferometer. The phase shifter is realized by applying an Oersted field on top of the YIG, which changes
the carrier wave number of the spin-wave packet within that region. By changing the amplitude of the Oersted field, the
phase shift can be chosen to sum up to one half of a wavelength. The output signal is shown in Fig. 2(c). If no field is applied
at either arm, both spin-wave packets are equal in phase and the full signal is detected. If for any of the arms the relative
phase is shifted (input 0, 1; 1, 0), the signals detected at the microwave detection antenna have opposite signs and cancel
out. The output signal is zero. If both arms are subject to an Oersted field, both spin waves are shifted by the same phase,
and again, the full signal is measured at the output. This gives the functionality of an XNOR logic device (logic equality). A
second logic device functionality is implemented by using the Oersted field on top of the YIG arm to completely suppress the
propagation (spin-wave switch), which gives a zero transmission (output 0) if both inputs are on (input 1, 1), else (input 0, 0;
0, 1; 1, 0) a signal is detected (output 1), which is the NAND functionality. The disadvantage of YIG-based magnonic devices
is that YIG cannot be integrated into standard semiconductor technology because high quality YIG films cannot be grown
on silicon at the moment, but special substrates are needed. The industrial demand of miniaturization and integration into
semiconductor technology is much better met by Permalloy (Ni80Fe20). This is why the aforementioned concepts need to
be transferred to smaller structures.

In Fig. 3 Wang et al. compare MOS logic and magnonic logic in terms of throughput (the number of operations per area
per time) as a function of the minimum feature size �, which is the gate length for CMOS or the wavelength for a spin-wave
circuit, respectively. The throughput in devices realized so far is quite small and feature sizes lie in the micrometer range.
However, according to the projected estimates, spin logic may provide a throughput advantage of more than three orders
of magnitude over CMOS in the future. Magnonic logic has several scaling advantages, one being the inversely proportional
throughput of the spin circuit to the wavelength. However, scaling down to spin-wave length in the nanometer range is in
first order a material problem: one has to find materials where the damping of spin waves is low [11]. Half metals are an
ideal candidate here, since electron and spin scattering channels can be decoupled [12].

J. Phys. D: Appl. Phys. 43 (2010) 264005 A Khitun et al
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Figure 1. (a) Schematic of a 3D architecture comprising functional layers of conventional CMOS-based circuits, magnonic devices and a
memory array. The magnonic circuit can be used for general computing (NOT, OR, AND gates) or as a complementary logic block
(Magnetic Cellular Nonlinear Network) designed to perform special tasks such as image processing and speech recognition. (b) The
communication among the functional layers is via electric signals (e.g. voltage/current), while the operation within the magnonic circuits is
via spin waves only. The input data for the magnonic layer are received from the electronic part in the form of voltage pulses and converted
into spin waves. The data processing in the circuit is accomplished by manipulating the amplitudes and/or the phases of the propagating spin
waves. The result of computation is converted back to a voltage signal provided to the next electronic circuit.

not-AND gates have been experimentally demonstrated on
a similar Mach–Zehnder-type structure [8]. The complete
set of logic devices such as NOT, NOR and AND based
on Mach–Zehnder-type spin-wave interferometer devices has
been proposed [9]. In the above-cited works [7–9], spin wave
amplitude is used to define the logic state of the output.

Another approach to spin wave based logic circuits
utilizing phase as a state variable has been proposed [10] and
then experimentally realized [11, 12]. Within this approach, a
bit of information is assigned to the phase of the propagating
spin wave. An elementary act of computation is associated
with the change in the phase of the propagating spin wave.
The latter provides an elegant solution to the NOT and Majority
logic gate construction. Each of the proposed approaches has
certain advantages and shortcomings. The rest of the paper is
organized as follows: in the next section, we describe possible
approaches to magnonic logic circuits for general computing
and special task data processing. In section 3, we analyse the
basic elements required for magnonic circuits. Discussion and
conclusions are given in sections 4 and 5, respectively.

2. Possible approaches to spin-wave logic circuits for
general computing and special task data processing

The general idea of using spin wave based logic circuit is to use
spin as a state variable instead of charge, and to transmit and

process information by exploiting wave phenomena, without
the use of electric current. The latter may provide an
advantage over the existing charge-based CMOS circuitry.
At the same time, the proposed spin wave devices must be
compatible with conventional electron-based devices enabling
efficient data exchange. It is difficult to expect that magnonic
logic devices will be more efficient than scaled CMOS in
all figures of merit (e.g. speed of switching). However, it
may be a complementary part to the traditional approach
offering a low-power consuming hardware for general and
special task data processing. Figure 1 schematically shows
a three-dimensional architecture comprising functional layers
of conventional CMOS-based circuits, magnonic devices and
memory arrays (e.g. magnetic random-access memory). The
communication among the functional layers occurs via electric
signals (e.g. voltage/current), while the operation within the
magnonic circuits occurs via spin waves only. The input data
for the magnonic layer are received from the electronic part
in the form of voltage pulses and subsequently converted into
spin waves. The magnonic circuit can be used for general
computing (NOT, OR, AND gates) or as a complementary
logic block (Magnetic Cellular Nonlinear Network) designed
to perform special tasks such as image processing and speech
recognition. The data processing in the circuit is accomplished
by manipulating the amplitudes and/or the phases of the
propagating spin waves. Finally, the result of computation

2

A. Khitun et al.,  J. Phys. D: Appl. Phys. 43, 264005 (2010)
V. V. Kruglyak et al., J. Phys. D: Appl. Phys. 43, 264001 (2010)

Example: Logic devices
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Today’s talk: Spin waves in chiral spin textures
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Figure 4 | Current-driven dynamics of chiral Néel DWs. a, Illustration of left-handed chiral Néel DWs in Pt/CoFe/MgO. The effective field HSL from the
Slonczewski-like torque moves adjacent up–down and down–up domains with velocity vDW in the same direction against electron flow je. b, DW velocity as
a function of electron current density je, calculated using the 1D model, with the SHE alone, the SHE and STT (SHE+STT), and the SHE and the DMI
(SHE+DMI). The parameters used in this calculation are in the Methods. c,d, Spin-torque efficiency for DW motion in Pt/CoFe/MgO under applied
longitudinal field HL (c) and transverse field HT (d). e,f, DW velocity at a constant current je = �3.0⇥ 1011 A m�2 as a function of HL (e) and HT (f).
g,h, Calculated DW velocity at je = �3.0⇥ 1011 A m�2 as a function of HL (g) and HT (h) using the 1D model.

that the Rashba effect cannot be the source of these features8–11,26,27.
Furthermore, as any contribution to the Slonczewski-like torque
by the Rashba effect18 enters as a correction proportional to the
non-adiabicity parameter � < 1 (refs 26,27), the fact that HSL is
heremuch larger thanHFL implies that the Rashba effect contributes
negligibly to the Slonczewski-like torque.

In Ta/CoFe/MgO (Fig. 3d), HFL was in contrast quite large,
⇡400Oe per 1011 Am�2, and its direction was the same as in
Ta/CoFeB/MgO (ref. 23) and opposite to Pt/CoFe/MgO and
Pt/Co/AlOx (refs 17,22). This result suggests that in addition
to the Slonczewski-like torque, a strong Rashba field17,22,23 may
exist in this sample. However, the origin of the measured HFL
is beyond the scope of the present discussion and will require
further investigation.

As summarized in Fig. 3e,f, the current-induced torques are
opposite in Pt/CoFe/MgO and Ta/CoFe/MgO, as are the direction
of current-driven DW motion and the sign of the spin Hall
angles in Pt and Ta. Here we consider in detail the case of
Pt/CoFe/MgO, in which the field-like torque is unambiguously
small. One-dimensional (1D) model calculations29 in Fig. 4b (see
Methods and Supplementary Information) show that Bloch DWs
cannot be driven by the SHE alone, in agreement with previous
reports16,27 and with the symmetry of the Slonczewski-like torque.
In the 1D model with ✓SH > 0 and with no transverse Rashba field,
the addition of conventional STT enables sustained DW motion,

but its direction is along electron flow (Fig. 4b). No combination
of the SHE and STT reproduces the experimentally observed DW
motion against electron flow (Supplementary Information), and
moreover conventional STT is probably absent as argued above.
Thus, an alternative mechanism is required whereby the SHE alone
can drive DWmotion.

Néel DWs have an internal magnetization that would align with
the nanowire axis, such that the Slonczewski-like torque would
manifest as a z-axis field16 as experimentally observed (Fig. 1).
However, the direction of HSL depends of the sense of the DW
magnetization, and the direction of DWmotion varies accordingly
(Supplementary Information). Figure 4a illustrates Néel DWs with
oppositely directed internalmagnetization for up–down anddown–
up transitions, exhibiting a left-handed chiral texture2. On the basis
of the sign of the measured Slonczewski-like torque (Figs 2 and
3), these chiral DWs move against electron flow in Pt/CoFe/MgO
and along electron flow in Ta/CoFe/MgO. Although Bloch DWs
are magnetostatically preferred28, adding the DMI to the 1D model
stabilizes such chiral Néel DWs (ref. 7;Methods and Supplementary
Information), leading to qualitative behaviour in agreement with
experiment (Fig. 4b).

Finally, we assess the rigidity and chirality of the Néel DWs in
Pt/CoFe/MgO using applied in-plane fields. In Fig. 4c,d we show
that the spin-torque efficiency, extracted similarly to Fig. 1d, is
insensitive to HL up to at least 600Oe, but declines significantly

614 NATUREMATERIALS | VOL 12 | JULY 2013 | www.nature.com/naturematerials

© 2013 Macmillan Publishers Limited. All rights reserved

Nonreciprocal propagation and 
channelling effects in spin 

textures
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• Part 1: Brief overview of chiral interactions and spin waves

• Part 2: Spin wave channelling in chiral walls
- Nonreciprocal propagation along Néel walls

- Curved magnonic waveguides

• Part 3: Edge modes in nanostructures
- Tilted spin states at dot edges

• Part 4: Brillouin light spectroscopy measurements
- Pt/Co/AlOx, [W, Hf]/CoFeB/MgO
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Calculating spin wave spectra
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• First, need to determine equilibrium ground state of spin configuration

• Use continuum approximation (micromagnetics) km(r, t)k = 1

U
ex

=

Z
dV A (rm)2

Exchange

UK = �
Z

dV Ku (m · ẑ)2

Uniaxial anisotropy

Ud =
1

2
µ0Ms

Z
dV m ·Hd

Dipole-dipole

Hd(r) = �r�M (r)

�M (r) =
Ms

4⇡

Z
dV 0 r ·m

kr� r0k +

Z
dS0 m · n̂

kr� r0k

�

Dzyaloshinskii-Moriya

UDM =

Z
dV D [mz (r ·m)� (m ·r)mz]
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• Example: (Homochiral) Néel domain walls are preferred ground state 
if DMI sufficiently large to overcome volume dipole interaction

A. Thiaville et al., Europhys. Lett. 100, 57002 (2012)
M. Heide et al., Phys. Rev. B 78, 140403 (2008)
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Calculating spin wave spectra

• Second, compute fluctuations about ground state

• Linearize equations of motion

m(r, t) = m0(r) + �m(r, t)

@�m

@t
= ��0 [�m(t)⇥He↵ +m0 ⇥ �He↵(t)]

equilibrium 
component

fluctuations

linearized torque 
equation

He↵ = � 1

µ0Ms

�U

�m
effective field

• Solve analytically (special cases) or numerically with micromagnetics 
simulations
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Modified “Winter” modes - Perturbation theory

• Bloch wall (“Winter”) spin wave eigenmodes are solutions to Schrödinger-like 
equation with reflectionless potential

16

V0

y

Pöschl-Teller
potential

|⇠k↵,k� i

J. M. Winter, Phys. Rev. 124, 452 (1961)

h
��2r2 + 1� 2 sech2

⇣ y
�

⌘i
��(~r) = ⇤���(~r)

� =

r
A

K0

h
��2r2 + 1� 2 sech2

⇣ y
�

⌘
+ 

i
�✓(~r) = ⇤✓�✓(~r)

m = (sin ✓ cos�, sin ✓ sin�, cos ✓)
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• DMI leads to scattering between Winter modes

17

• Treat DMI as perturbation, calculate energy shifts using known eigenfunctions

Matrix elements involved

|⇠k↵,k� i


��2r2 + 1� 2 sech2

⇣ y
�

⌘
+ +

Dp
AK0

sech
⇣ y
�

⌘�
�✓(~r) = ⇤✓�✓(~r)

h
��2r2 + 1� 2 sech2

⇣ y
�

⌘i
��(~r) = ⇤���(~r)

�h⇠k↵,k� |D sech (y/�) |⇠k↵,k� i

h⇠k↵,k� |D sech (y/�)
@

@x

|⇠k↵,k� i
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Nonreciprocal propagation along 
domain wall (kx ≠ 0, ky = 0)

y

x

F. Garcia-Sanchez, ... , JVK, Phys. Rev. Lett. (19 June 2015)
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Channelling along Bloch walls

rf antenna hrf

10 GHz

50 GHz

D = 0

y

x

1000 nm

0.01

– 0.01

0

–0.2 0.20

50

40

30

20

10

0

W
Ê/Ê
2p

 (
G

H
z
)

kx (nm-1)

Bulk



 

SOCSIS  |  Spetses  |  10 June 2015 20

rf antenna
hrf

Asymmetric channelling along Néel walls
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Dynamics of channeled wave packets

F. Garcia-Sanchez, ... , JVK, Phys. Rev. Lett. (19 June 2015)
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Domain walls as curved magnonic waveguides
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F. Garcia-Sanchez, ... , JVK, Phys. Rev. Lett. (19 June 2015)

Magnons can propagate 
along the domain walls in 

curved geometries



 

SOCSIS  |  Spetses  |  10 June 2015

Talk outline

25

• Part 1: Brief overview of chiral interactions and spin waves

• Part 2: Spin wave channelling in chiral walls
- Nonreciprocal propagation along Néel walls

- Curved magnonic waveguides

• Part 3: Edge modes in nanostructures
- Tilted spin states at dot edges

• Part 4: Brillouin light spectroscopy measurements
- Pt/Co/AlOx, [W, Hf]/CoFeB/MgO
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Magnetization tilts at edges

• In nominally uniformly-magnetized systems, magnetization tilts still occur at 
edges due to DMI

• In continuum approximation, variational procedure leads to nontrivial boundary 
conditions

26

m
z

x
y

@U 0

@ ~m
+

@~U

@(r~m)
· ~n = 0 etc.) 2A

@my

@y
= �Dmz

surface 
anisotropies, 

etc.

F. Garcia-Sanchez, JVK, et al., Phys. Rev. B 89, 224408 (2014)
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2A
@my

@y
= �Dmz

Magnetization tilts at edges

27

Boundary conditions:

etc.
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see also S. Rohart & A. Thiaville, Phys. Rev. B (2013)

• Tilts described by partial Néel walls
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• Wall stabilized outside sample by DMI
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Channeling along edge tilts

• Partial Néel walls at edges should lead to similar nonreciprocal propagation as 
seen in full Néel domain walls

29

Nonreciprocal 
channelling along wall

Different channelling 
directions at top and 

bottom edges?
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Confined geometries: Dots

Spin wave propagationMagnetization

“Bend”
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Eigenmode spectrum from transient response

32
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100 nm diameter 100 nm wide 200 nm diameter

Splitting of mode frequencies as strength of DMI increases
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34

• Azimuthal modes are more 
strongly affected by tilts at 
edges

• DMI lifts degeneracy 
between CW and CCW 
azimuthal modes
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Similar mode splitting observed 
in square dots
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Talk outline

36

• Part 1: Brief overview of chiral interactions and spin waves

• Part 2: Spin wave channelling in chiral walls
- Nonreciprocal propagation along Néel walls

- Curved magnonic waveguides

• Part 3: Edge modes in nanostructures
- Tilted spin states at dot edges

• Part 4: Brillouin light spectroscopy measurements
- Pt/Co/AlOx, [W, Hf]/CoFeB/MgO
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Nonreciprocity with magnetization tilts

37

• In uniformly-magnetized films, DMI can lead to nonreciprocal spin wave 
propagation with symmetry-breaking fields

z

M

H0 = 0

ksw

z
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H0 = 1.5 Hk

z

M

H0 = 0.75 Hk

e.g., in-plane 
applied field
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Brillouin light spectroscopy of spin waves

38

• Probe spin wave spectra by scattering light off surfaces

• Reflected photons give information about spin waves 
that are created (Stokes) or annihilated (anti-Stokes)

76 Sergey O. Demokritov and Burkard Hillebrands

In a BLS experiment with backscattering geometry, the in-plane wave
vector q∥ = (qs−qI)∥, transferred in the light scattering process, was oriented
perpendicularly to the wires, and its value was varied by changing the angle
of light incidence θ measured from the surface normal q∥ = (4π/λLaser)×sin θ.
The collection angle of the scattered light was chosen small enough to ensure
reasonable resolution in q∥ of ±0.8×104 cm−1. It is important to mention here
once more, that, strictly speaking, due to spin-wave confinement in a wire,
the transferred wave vector q∥ cannot be considered the wave vector of the
spin-waves mode taking part in the scattering process and, thus, tested in the
experiment. Because of confinement, the spin-wave mode does not possess a
well-defined wave vector.

Figure 6 shows a typical BLS spectrum for the sample with a wire width
of 1.8 µm and a separation between the wires of 0.7 µm. A transferred wave
vector q∥ = 0.3×105 cm−1 was oriented perpendicularly to the wires, and an
external field of 500 Oe was applied along the wire axis. As seen in Fig. 6,
the spectrum contains four distinct modes near 7.8, 9.3, 10.4, and 14.0 GHz.
Note here, that in the region of interest (5–17 GHz), the scanning speed of
the interferometer was reduced by a factor of 3 to increase the accumulation
time in this region and, thus, to improve the signal-to-noise ratio. By varying

Fig. 6. Experimental Brillouin light scattering spectrum obtained from the wire
array with a wire thickness of 40 nm, a wire width of 1.8 m, and a separation
between the wires of 0.7 m. The applied field is 500 Oe oriented along the wire axis.
The transferred wave vector of q∥ = 0.3 × 105 cm−1 is oriented perpendicularly to
the wires. The discrete spin-wave modes are indicated by arrows. In the so-called
region of interest (5–17 GHz), the scanning speed was reduced by a factor of 3
increasing the number of recorded photons by the same factor (from [41])
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Brillouin light spectroscopy of spin waves
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Experiments on Pt/Co/AlOx

40

Pt (3)
Ta (3)

Si/SiO2

Co (0.6 - 1.2)

Pt (3 nm)
AlOx (2)

RAPID COMMUNICATIONS

MOHAMED BELMEGUENAI et al. PHYSICAL REVIEW B 91, 180405(R) (2015)

TABLE I. Magnetic parameters obtained from the best fits of
BLS results with the model described below, using the saturation
magnetization from magnetometry and g = 2.17. The absolute values
of Deff and Ds are given.

µ0Hsat µ0HKeff

t µ0Ms MOKE BLS Deff Ds

(nm) (T) (T) (T) (mJ/m2) (pJ/m)

0.6 1.38 0.95 1.03 2.71 ± 0.16 1.63 ± 0.1
0.8 1.48 0.82 0.87 2.18 ± 0.25 1.75 ± 0.2
0.9 1.51 0.75 0.68 1.88 ± 0.08 1.69 ± 0.07
0.95 1.68 0.51 0.36 1.76 ± 0.24 1.67 ± 0.23
1.2 1.71 0.10 0.11 1.57 ± 0.18 1.88 ± 0.22

ultrathin Co layer, whereas the AlOx cap layer is thought
to only induce perpendicular anisotropy. All experiments
have been performed at room temperature. Magnetometry
[alternating gradient force magnetometer (AGFM) and super-
conducting quantum interference device (SQUID)] has been
used to measure the hysteresis loops of the samples, with
the field applied perpendicular to the sample plane, and to
determine the magnetization at saturation Ms. For the thicker
samples, Ms is similar to that of the bulk Co while that for
the thinnest film is significantly smaller but remains in the
range measured by Metaxas et al. [26] (Table I). The polar
magneto-optical Kerr effect (p-MOKE) has been used to obtain
the hysteresis loops with the magnetic field applied along the
normal and in the plane of the sample (as shown in Fig. 1). The
Kerr rotation at saturation is deduced from the hysteresis loops
obtained with the field applied perpendicular to the plane. This
amplitude signal is then used to normalize the measured Kerr
rotation while the field is applied in the sample plane (Fig. 1).
The normalized signal is ∼ 1 for all the samples, ensuring a
macrospin behavior during the magnetization reversal, and the
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FIG. 1. (Color online) Polar MOKE magnetometry for
Pt/Co(t)/AlOx samples of different thicknesses t . Left panel:
Experimental (symbols) and fitted (red bold line) hysteresis loops
of the perpendicular component of the magnetization vs in-plane
applied magnetic field for the t = 0.8 nm sample. Right panels:
Hysteresis loops of some representative samples for fields applied
perpendicularly to the sample plane.

effective anisotropy fields are then obtained from the hysteresis
loops by fitting with the Stoner-Wohlfarth model [27]. The
obtained values are summarized in Table I. All samples
exhibit a perpendicular magnetic anisotropy that increases with
decreasing Co thickness.

Brillouin light spectroscopy (BLS) gives access to SW
modes with nonzero wave vectors. The SW in the film
inelastically scatter the light from an incident laser beam.
The frequency shift is analyzed using a 2 × 3 pass Fabry-
Pérot interferometer, which typically gives access to a 3–300
GHz spectral frequency range. For the used backscattering
study, the investigated spin-wave vector lies in the plane of
incidence and its length is ksw = 4π sin(θinc)/λ (with θinc the
angle of incidence and λ = 532 nm the wavelength of the
illuminating laser). Therefore, it can be swept in the 0–20
µm−1 interval through the rotation of the sample around a
planar axis. The magnetic field was applied perpendicular
to the incidence plane, which allows spin waves propagating
along the in-plane direction perpendicular to the applied field
to be probed [Damon-Eshbach (DE) geometry]. For each angle
of incidence, the spectra were obtained after counting photons
up to 15 h (especially for the highest incidence angles) to
have well-defined spectra where the line position can be
determined with accuracy better than 0.1 GHz. The Stokes
(S, negative frequency shift relative to the incident light as
a SW was created) and anti-Stokes (AS, positive frequency
shift relative to the incident light as a SW was absorbed)
frequencies were then determined from Lorentzian fits to the
BLS spectra. In the following, as we refer to the properties of
the SW, fS denotes the absolute value of the Stokes frequency,
and wave vectors along that of the photons are counted
positive.

The BLS measurements were performed with the mag-
netization saturated in the film plane under magnetic fields
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FIG. 2. (Color online) BLS spectra measured for
Pt/Co(1.2 nm)/AlOx at two different applied field values
µ0H = 0.4 T (−0.4 T) in blue squares (red circles) and at four
characteristic light incidence angles corresponding to ksw = 18.09,
15.18, 8.08, and 4.1 µm−1. Symbols refer to the experimental data
and solid lines are the Lorentzian fits.

180405-2

M. Belmeguenai, ..., JVK et al., Phys. Rev. B 91, 180405(R) (2015)

• Sputtered perpendicularly-magnetized Pt/Co/AlOx films, variable Co film 
thickness
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RAPID COMMUNICATIONS

MOHAMED BELMEGUENAI et al. PHYSICAL REVIEW B 91, 180405(R) (2015)

TABLE I. Magnetic parameters obtained from the best fits of
BLS results with the model described below, using the saturation
magnetization from magnetometry and g = 2.17. The absolute values
of Deff and Ds are given.

µ0Hsat µ0HKeff

t µ0Ms MOKE BLS Deff Ds

(nm) (T) (T) (T) (mJ/m2) (pJ/m)

0.6 1.38 0.95 1.03 2.71 ± 0.16 1.63 ± 0.1
0.8 1.48 0.82 0.87 2.18 ± 0.25 1.75 ± 0.2
0.9 1.51 0.75 0.68 1.88 ± 0.08 1.69 ± 0.07
0.95 1.68 0.51 0.36 1.76 ± 0.24 1.67 ± 0.23
1.2 1.71 0.10 0.11 1.57 ± 0.18 1.88 ± 0.22

ultrathin Co layer, whereas the AlOx cap layer is thought
to only induce perpendicular anisotropy. All experiments
have been performed at room temperature. Magnetometry
[alternating gradient force magnetometer (AGFM) and super-
conducting quantum interference device (SQUID)] has been
used to measure the hysteresis loops of the samples, with
the field applied perpendicular to the sample plane, and to
determine the magnetization at saturation Ms. For the thicker
samples, Ms is similar to that of the bulk Co while that for
the thinnest film is significantly smaller but remains in the
range measured by Metaxas et al. [26] (Table I). The polar
magneto-optical Kerr effect (p-MOKE) has been used to obtain
the hysteresis loops with the magnetic field applied along the
normal and in the plane of the sample (as shown in Fig. 1). The
Kerr rotation at saturation is deduced from the hysteresis loops
obtained with the field applied perpendicular to the plane. This
amplitude signal is then used to normalize the measured Kerr
rotation while the field is applied in the sample plane (Fig. 1).
The normalized signal is ∼ 1 for all the samples, ensuring a
macrospin behavior during the magnetization reversal, and the
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FIG. 1. (Color online) Polar MOKE magnetometry for
Pt/Co(t)/AlOx samples of different thicknesses t . Left panel:
Experimental (symbols) and fitted (red bold line) hysteresis loops
of the perpendicular component of the magnetization vs in-plane
applied magnetic field for the t = 0.8 nm sample. Right panels:
Hysteresis loops of some representative samples for fields applied
perpendicularly to the sample plane.

effective anisotropy fields are then obtained from the hysteresis
loops by fitting with the Stoner-Wohlfarth model [27]. The
obtained values are summarized in Table I. All samples
exhibit a perpendicular magnetic anisotropy that increases with
decreasing Co thickness.

Brillouin light spectroscopy (BLS) gives access to SW
modes with nonzero wave vectors. The SW in the film
inelastically scatter the light from an incident laser beam.
The frequency shift is analyzed using a 2 × 3 pass Fabry-
Pérot interferometer, which typically gives access to a 3–300
GHz spectral frequency range. For the used backscattering
study, the investigated spin-wave vector lies in the plane of
incidence and its length is ksw = 4π sin(θinc)/λ (with θinc the
angle of incidence and λ = 532 nm the wavelength of the
illuminating laser). Therefore, it can be swept in the 0–20
µm−1 interval through the rotation of the sample around a
planar axis. The magnetic field was applied perpendicular
to the incidence plane, which allows spin waves propagating
along the in-plane direction perpendicular to the applied field
to be probed [Damon-Eshbach (DE) geometry]. For each angle
of incidence, the spectra were obtained after counting photons
up to 15 h (especially for the highest incidence angles) to
have well-defined spectra where the line position can be
determined with accuracy better than 0.1 GHz. The Stokes
(S, negative frequency shift relative to the incident light as
a SW was created) and anti-Stokes (AS, positive frequency
shift relative to the incident light as a SW was absorbed)
frequencies were then determined from Lorentzian fits to the
BLS spectra. In the following, as we refer to the properties of
the SW, fS denotes the absolute value of the Stokes frequency,
and wave vectors along that of the photons are counted
positive.

The BLS measurements were performed with the mag-
netization saturated in the film plane under magnetic fields
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FIG. 2. (Color online) BLS spectra measured for
Pt/Co(1.2 nm)/AlOx at two different applied field values
µ0H = 0.4 T (−0.4 T) in blue squares (red circles) and at four
characteristic light incidence angles corresponding to ksw = 18.09,
15.18, 8.08, and 4.1 µm−1. Symbols refer to the experimental data
and solid lines are the Lorentzian fits.
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• Nonreciprocal propagation observed, as expected 
for finite DMI
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TABLE I. Magnetic parameters obtained from the best fits of
BLS results with the model described below, using the saturation
magnetization from magnetometry and g = 2.17. The absolute values
of Deff and Ds are given.

µ0Hsat µ0HKeff

t µ0Ms MOKE BLS Deff Ds

(nm) (T) (T) (T) (mJ/m2) (pJ/m)

0.6 1.38 0.95 1.03 2.71 ± 0.16 1.63 ± 0.1
0.8 1.48 0.82 0.87 2.18 ± 0.25 1.75 ± 0.2
0.9 1.51 0.75 0.68 1.88 ± 0.08 1.69 ± 0.07
0.95 1.68 0.51 0.36 1.76 ± 0.24 1.67 ± 0.23
1.2 1.71 0.10 0.11 1.57 ± 0.18 1.88 ± 0.22

ultrathin Co layer, whereas the AlOx cap layer is thought
to only induce perpendicular anisotropy. All experiments
have been performed at room temperature. Magnetometry
[alternating gradient force magnetometer (AGFM) and super-
conducting quantum interference device (SQUID)] has been
used to measure the hysteresis loops of the samples, with
the field applied perpendicular to the sample plane, and to
determine the magnetization at saturation Ms. For the thicker
samples, Ms is similar to that of the bulk Co while that for
the thinnest film is significantly smaller but remains in the
range measured by Metaxas et al. [26] (Table I). The polar
magneto-optical Kerr effect (p-MOKE) has been used to obtain
the hysteresis loops with the magnetic field applied along the
normal and in the plane of the sample (as shown in Fig. 1). The
Kerr rotation at saturation is deduced from the hysteresis loops
obtained with the field applied perpendicular to the plane. This
amplitude signal is then used to normalize the measured Kerr
rotation while the field is applied in the sample plane (Fig. 1).
The normalized signal is ∼ 1 for all the samples, ensuring a
macrospin behavior during the magnetization reversal, and the
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FIG. 1. (Color online) Polar MOKE magnetometry for
Pt/Co(t)/AlOx samples of different thicknesses t . Left panel:
Experimental (symbols) and fitted (red bold line) hysteresis loops
of the perpendicular component of the magnetization vs in-plane
applied magnetic field for the t = 0.8 nm sample. Right panels:
Hysteresis loops of some representative samples for fields applied
perpendicularly to the sample plane.

effective anisotropy fields are then obtained from the hysteresis
loops by fitting with the Stoner-Wohlfarth model [27]. The
obtained values are summarized in Table I. All samples
exhibit a perpendicular magnetic anisotropy that increases with
decreasing Co thickness.

Brillouin light spectroscopy (BLS) gives access to SW
modes with nonzero wave vectors. The SW in the film
inelastically scatter the light from an incident laser beam.
The frequency shift is analyzed using a 2 × 3 pass Fabry-
Pérot interferometer, which typically gives access to a 3–300
GHz spectral frequency range. For the used backscattering
study, the investigated spin-wave vector lies in the plane of
incidence and its length is ksw = 4π sin(θinc)/λ (with θinc the
angle of incidence and λ = 532 nm the wavelength of the
illuminating laser). Therefore, it can be swept in the 0–20
µm−1 interval through the rotation of the sample around a
planar axis. The magnetic field was applied perpendicular
to the incidence plane, which allows spin waves propagating
along the in-plane direction perpendicular to the applied field
to be probed [Damon-Eshbach (DE) geometry]. For each angle
of incidence, the spectra were obtained after counting photons
up to 15 h (especially for the highest incidence angles) to
have well-defined spectra where the line position can be
determined with accuracy better than 0.1 GHz. The Stokes
(S, negative frequency shift relative to the incident light as
a SW was created) and anti-Stokes (AS, positive frequency
shift relative to the incident light as a SW was absorbed)
frequencies were then determined from Lorentzian fits to the
BLS spectra. In the following, as we refer to the properties of
the SW, fS denotes the absolute value of the Stokes frequency,
and wave vectors along that of the photons are counted
positive.

The BLS measurements were performed with the mag-
netization saturated in the film plane under magnetic fields
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FIG. 2. (Color online) BLS spectra measured for
Pt/Co(1.2 nm)/AlOx at two different applied field values
µ0H = 0.4 T (−0.4 T) in blue squares (red circles) and at four
characteristic light incidence angles corresponding to ksw = 18.09,
15.18, 8.08, and 4.1 µm−1. Symbols refer to the experimental data
and solid lines are the Lorentzian fits.
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above the saturation fields deduced from the MOKE loops
(shown in Table I). Figure 2 shows typical BLS spectra for
the 1.2 nm thick sample for ksw = 18.09, 15.18, 8.08, and
4.1 µm−1 corresponding to incidence angles θinc = 50◦, 40◦,
20◦, and 10◦, under an applied field µ0H = 0.4 T. Importantly,
mirror-symmetrical results were obtained for µ0H = −0.4 T,
as expected from nonreciprocity. Beside the well-known
intensity asymmetry of the S and AS modes due to the
coupling mechanism between the light and SWs (in thin films),
an unusually pronounced difference between the frequencies
of both modes (nonreciprocity), especially for higher values
of ksw, is revealed by these spectra. Various mechanisms,
in particular, perpendicular uniaxial surface anisotropy and
DMI, can induce this frequency difference between the DE
Stokes and anti-Stokes lines. However, an effect of interface
anisotropy is observable only if the characteristic DE spatial
asymmetry (of the dynamic magnetization distribution across
the film) is sufficiently pronounced, in other words, in
relatively thick films such that kswt is not much smaller than
unity. The frequency difference present in our samples is,
despite the large interface anisotropy of Pt/Co/AlOx , much
larger than what is expected from different surface anisotropies
at the two interfaces of the ferromagnetic film [21]. We note
also that the DMI effects seen are much larger than what was
measured on perpendicularly magnetized Pt/CoFeB [22] and
in-plane magnetized Pt/Co/Ni [19] ultrathin films.

The variation of the frequencies of the S and AS modes as a
function of the spin-wave wave vector is shown in Fig. 3(a) (for
the sake of clarity, the data for the t = 0.95 nm sample are not
presented). The prominent feature of these dispersion curves
is their asymmetry with respect to ksw = 0. The frequency
difference "f = fS − fAS is plotted in Fig. 3(b) as a function
of ksw, revealing a linear dependence with a slope that changes
markedly with Co thickness. For the samples studied here and
for positive field, the AS mode frequency fAS was found to be
always higher than fS, as shown on Fig. 3. It is worth noting
that BLS measurements of "f as a function of H [see the inset
of Fig. 3(b)] reveal that "f is independent of the applied field,
as expected from the model mentioned below and similarly to
previous work [19].

The BLS data have been analyzed using an analytical model
relevant for ultrathin films [19,28,29], where the DE mode
frequencies are given by

0 2 4 6 8 10 12 14 16 18 20 22
-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
∆ f

(G
H

z)

Wave vector: k
sw

 (µm-1)

t=1.2 nm
t=0.95 nm
t=0.9 nm
t=0.8 nm
t=0.6 nm

(b)
F

re
qu

en
cy

 (G
H

Z
)

Wave vector: k
sw

 (µm-1)

f
S

f
AS

∆f

(a) @ µ
0
H=1.36 Tt=0.9 nm

t=0.8 nm

t=0.6 nm

t=1.2 nm

@ µ
0
H=1.36 T

@ µ
0
H=1.36 T

@ µ
0
H=0.4 T

0 2 4 6 8 10 12 14 16 18 20 22
9

10
11
12
18
20
22
24
26
28
30
32

∆f
(G

H
z)

0.2 0.4 0.6 0.8

-2.2

-2.0

-1.8

FIG. 3. (Color online) (a) Measured spin-wave dispersion for
various Co thicknesses t . Symbols show the experimental BLS data
for AS (red, with ksw inverted) and S frequencies (black). Solid
lines represent the model described by Eq. (1) with effective DMI
constants Deff and magnetic parameters given in Table I. (b) Wave
vector (ksw) dependence of experimental frequency difference "f

(symbols) compared to the DMI model (solid curves). The inset
shows the measured dependence of "f vs the applied magnetic field
in the case of the t = 1.2 nm sample at a fixed wave vector value
ksw = 15.18 µm−1.
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Here, H represents the in-plane applied field, Ms the saturation
magnetization of Co, γ the absolute value of the gyromagnetic
ratio [γ /(2π ) = g × 13.996 GHz/T, with g the Landé factor],
µ0 the vacuum permeability, J = 2A

µ0Ms
the SW stiffness (also

called D in the SW literature) with A the micromagnetic
exchange constant, Deff the effective micromagnetic DMI
constant, HK the perpendicular uniaxial anisotropy field,
HKeff = HK − Ms the effective anisotropy field, and P (kswt) =
1 − 1−exp (−|ksw|t)

|ksw|t . In Eq. (1), the signs of D and ksw have been
kept, H is the absolute field and ± its sign, according to

the convention detailed below. If DMI is of purely interfacial
origin, one expects a variation with thickness according to
Deff(t) = Ds/t . From this, the frequency difference can be
deduced to be

"f = fS − fAS = 2γ

πMs
Deffksw = 2γ

π
ksw

Ds

Mst
, (2)

where the last equality stresses that in fact Ds is the directly
determined quantity, which is independent of the uncertainties
in the film thickness t . The experimental data were fitted
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above the saturation fields deduced from the MOKE loops
(shown in Table I). Figure 2 shows typical BLS spectra for
the 1.2 nm thick sample for ksw = 18.09, 15.18, 8.08, and
4.1 µm−1 corresponding to incidence angles θinc = 50◦, 40◦,
20◦, and 10◦, under an applied field µ0H = 0.4 T. Importantly,
mirror-symmetrical results were obtained for µ0H = −0.4 T,
as expected from nonreciprocity. Beside the well-known
intensity asymmetry of the S and AS modes due to the
coupling mechanism between the light and SWs (in thin films),
an unusually pronounced difference between the frequencies
of both modes (nonreciprocity), especially for higher values
of ksw, is revealed by these spectra. Various mechanisms,
in particular, perpendicular uniaxial surface anisotropy and
DMI, can induce this frequency difference between the DE
Stokes and anti-Stokes lines. However, an effect of interface
anisotropy is observable only if the characteristic DE spatial
asymmetry (of the dynamic magnetization distribution across
the film) is sufficiently pronounced, in other words, in
relatively thick films such that kswt is not much smaller than
unity. The frequency difference present in our samples is,
despite the large interface anisotropy of Pt/Co/AlOx , much
larger than what is expected from different surface anisotropies
at the two interfaces of the ferromagnetic film [21]. We note
also that the DMI effects seen are much larger than what was
measured on perpendicularly magnetized Pt/CoFeB [22] and
in-plane magnetized Pt/Co/Ni [19] ultrathin films.

The variation of the frequencies of the S and AS modes as a
function of the spin-wave wave vector is shown in Fig. 3(a) (for
the sake of clarity, the data for the t = 0.95 nm sample are not
presented). The prominent feature of these dispersion curves
is their asymmetry with respect to ksw = 0. The frequency
difference "f = fS − fAS is plotted in Fig. 3(b) as a function
of ksw, revealing a linear dependence with a slope that changes
markedly with Co thickness. For the samples studied here and
for positive field, the AS mode frequency fAS was found to be
always higher than fS, as shown on Fig. 3. It is worth noting
that BLS measurements of "f as a function of H [see the inset
of Fig. 3(b)] reveal that "f is independent of the applied field,
as expected from the model mentioned below and similarly to
previous work [19].

The BLS data have been analyzed using an analytical model
relevant for ultrathin films [19,28,29], where the DE mode
frequencies are given by
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FIG. 3. (Color online) (a) Measured spin-wave dispersion for
various Co thicknesses t . Symbols show the experimental BLS data
for AS (red, with ksw inverted) and S frequencies (black). Solid
lines represent the model described by Eq. (1) with effective DMI
constants Deff and magnetic parameters given in Table I. (b) Wave
vector (ksw) dependence of experimental frequency difference "f

(symbols) compared to the DMI model (solid curves). The inset
shows the measured dependence of "f vs the applied magnetic field
in the case of the t = 1.2 nm sample at a fixed wave vector value
ksw = 15.18 µm−1.
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Here, H represents the in-plane applied field, Ms the saturation
magnetization of Co, γ the absolute value of the gyromagnetic
ratio [γ /(2π ) = g × 13.996 GHz/T, with g the Landé factor],
µ0 the vacuum permeability, J = 2A

µ0Ms
the SW stiffness (also

called D in the SW literature) with A the micromagnetic
exchange constant, Deff the effective micromagnetic DMI
constant, HK the perpendicular uniaxial anisotropy field,
HKeff = HK − Ms the effective anisotropy field, and P (kswt) =
1 − 1−exp (−|ksw|t)

|ksw|t . In Eq. (1), the signs of D and ksw have been
kept, H is the absolute field and ± its sign, according to

the convention detailed below. If DMI is of purely interfacial
origin, one expects a variation with thickness according to
Deff(t) = Ds/t . From this, the frequency difference can be
deduced to be

"f = fS − fAS = 2γ

πMs
Deffksw = 2γ
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where the last equality stresses that in fact Ds is the directly
determined quantity, which is independent of the uncertainties
in the film thickness t . The experimental data were fitted
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above the saturation fields deduced from the MOKE loops
(shown in Table I). Figure 2 shows typical BLS spectra for
the 1.2 nm thick sample for ksw = 18.09, 15.18, 8.08, and
4.1 µm−1 corresponding to incidence angles θinc = 50◦, 40◦,
20◦, and 10◦, under an applied field µ0H = 0.4 T. Importantly,
mirror-symmetrical results were obtained for µ0H = −0.4 T,
as expected from nonreciprocity. Beside the well-known
intensity asymmetry of the S and AS modes due to the
coupling mechanism between the light and SWs (in thin films),
an unusually pronounced difference between the frequencies
of both modes (nonreciprocity), especially for higher values
of ksw, is revealed by these spectra. Various mechanisms,
in particular, perpendicular uniaxial surface anisotropy and
DMI, can induce this frequency difference between the DE
Stokes and anti-Stokes lines. However, an effect of interface
anisotropy is observable only if the characteristic DE spatial
asymmetry (of the dynamic magnetization distribution across
the film) is sufficiently pronounced, in other words, in
relatively thick films such that kswt is not much smaller than
unity. The frequency difference present in our samples is,
despite the large interface anisotropy of Pt/Co/AlOx , much
larger than what is expected from different surface anisotropies
at the two interfaces of the ferromagnetic film [21]. We note
also that the DMI effects seen are much larger than what was
measured on perpendicularly magnetized Pt/CoFeB [22] and
in-plane magnetized Pt/Co/Ni [19] ultrathin films.

The variation of the frequencies of the S and AS modes as a
function of the spin-wave wave vector is shown in Fig. 3(a) (for
the sake of clarity, the data for the t = 0.95 nm sample are not
presented). The prominent feature of these dispersion curves
is their asymmetry with respect to ksw = 0. The frequency
difference "f = fS − fAS is plotted in Fig. 3(b) as a function
of ksw, revealing a linear dependence with a slope that changes
markedly with Co thickness. For the samples studied here and
for positive field, the AS mode frequency fAS was found to be
always higher than fS, as shown on Fig. 3. It is worth noting
that BLS measurements of "f as a function of H [see the inset
of Fig. 3(b)] reveal that "f is independent of the applied field,
as expected from the model mentioned below and similarly to
previous work [19].

The BLS data have been analyzed using an analytical model
relevant for ultrathin films [19,28,29], where the DE mode
frequencies are given by
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FIG. 3. (Color online) (a) Measured spin-wave dispersion for
various Co thicknesses t . Symbols show the experimental BLS data
for AS (red, with ksw inverted) and S frequencies (black). Solid
lines represent the model described by Eq. (1) with effective DMI
constants Deff and magnetic parameters given in Table I. (b) Wave
vector (ksw) dependence of experimental frequency difference "f

(symbols) compared to the DMI model (solid curves). The inset
shows the measured dependence of "f vs the applied magnetic field
in the case of the t = 1.2 nm sample at a fixed wave vector value
ksw = 15.18 µm−1.
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Here, H represents the in-plane applied field, Ms the saturation
magnetization of Co, γ the absolute value of the gyromagnetic
ratio [γ /(2π ) = g × 13.996 GHz/T, with g the Landé factor],
µ0 the vacuum permeability, J = 2A

µ0Ms
the SW stiffness (also

called D in the SW literature) with A the micromagnetic
exchange constant, Deff the effective micromagnetic DMI
constant, HK the perpendicular uniaxial anisotropy field,
HKeff = HK − Ms the effective anisotropy field, and P (kswt) =
1 − 1−exp (−|ksw|t)

|ksw|t . In Eq. (1), the signs of D and ksw have been
kept, H is the absolute field and ± its sign, according to

the convention detailed below. If DMI is of purely interfacial
origin, one expects a variation with thickness according to
Deff(t) = Ds/t . From this, the frequency difference can be
deduced to be
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where the last equality stresses that in fact Ds is the directly
determined quantity, which is independent of the uncertainties
in the film thickness t . The experimental data were fitted
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• Left-handed chiral Néel walls observed in Pt/Co/AlOx films using 
nitrogen-vacancy center magnetometry

sources of uncertainty in the theoretical predictions were carefully
analysed, yielding the 1-s.e. intervals shown as shaded areas in
Fig. 2e. On the basis of this analysis, we find a 1-s.e. upper limit
|cosc|o0.07. This corresponds to an upper limit for the DMI
parameter DDMI, as defined in ref. 8, of |DDMI|o0.01 mJ m! 2

(see Supplementary Note 5). This result was confirmed on a
second DW in the same wire. In addition, the measurements were
reproduced for different projection axes of the NV probe. The
results are shown in Fig. 3 for four NV defects with different
quantization axes, showing excellent agreement between
experiment and theory if one assumes a Bloch-type DW. These
experiments provide an unambiguous confirmation of the Bloch
nature of the DWs in our sample, but are also a striking
illustration of the vector mapping capability offered by NV
microscopy, allowing for robust tests of theoretical predictions.

We conclude that there is no evidence for the presence of a
sizable interfacial DMI in a Ta(5 nm)/Co40Fe40B20(1 nm)/MgO
trilayer stack. This is in contrast with recent experiments
reported on similar samples with different compositions, such
as Ta(5 nm)/Co80Fe20(0.6 nm)/MgO (refs 3,27) and Ta(0.5 nm)/
Co20Fe60B20(1 nm)/MgO (refs 14), where a significant deviation
towards Néel DWs was inferred from current-induced DW
motion experiments. We note that contrary to these studies, our
method indicates the nature of the DW at rest, in a direct
manner, without any assumption on the DW dynamics. Our

results therefore motivate a systematic study of the DW structure
as a function of the composition of the trilayer stack.

Left-handed Néel DW structure in a Pt/Co/AlOx wire. In a
second step, we explored another type of sample, namely a
Pt(3 nm)/Co(0.6 nm)/AlOx(2 nm) trilayer grown by sputtering on
a thermally oxidized silicon wafer (see Supplementary Note 2).
The observation of current-induced DW motion with unexpect-
edly large velocities in this asymmetric stack has attracted con-
siderable interest in the recent years1. Here the DW width is
DDWE6 nm, leading to a relative field difference between Bloch
and Néel cases of E8% at a distance dE120 nm. We followed a
procedure similar to that described above. After a preliminary
calibration of the experiment, a DW in a 500-nm-wide magnetic
wire was imaged (Fig. 4a,b) and linecuts across the DW were
compared with theoretical predictions (Fig. 4c). Here the
experimental results clearly indicate a Néel-type DW structure
with left-handed chirality. The same result was found for two
other DWs. This provides direct evidence of a strong DMI at the
Pt/Co interface, with a lower bound |DDMI|40.1 mJ m! 2. This
result is consistent with the conclusions of recent field-dependent
DW nucleation experiments performed in similar films28. In
addition, we note that the observed left-handed chirality, once
combined with a damping-like torque induced by the spin-orbit
terms, could explain the characteristics of DW motion under
current in this sample7.

Discussion
In conclusion, we have shown how scanning-NV magnetometry
enables direct discrimination between competing DW configura-
tions in ultrathin ferromagnets. This method, which is not
sensitive to possible artifacts linked to the DW dynamics, will
help clarify the physics of DW motion under current, a necessary
step towards the development of DW-based spintronic devices. In
addition, this work opens a new avenue for studying the
mechanisms at the origin of interfacial DMI in ultrathin
ferromagnets, by measuring the DW structure while tuning the
properties of the magnetic material14,29. This is a key milestone in
the search for systems with large DMI that could sustain magnetic
skyrmions30.
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Figure 4 | Observation of left-handed Néel DWs in a Pt/Co/AlOx wire.
(a) AFM image and (b) corresponding Zeeman shift map recorded by
scanning the NV magnetometer above a DW in a 500-nm-wide magnetic
wire of Pt/Co(0.6 nm)/AlOx. The spherical angles characterizing the NV
defect quantization axis are (y¼87!, f¼ 23!). From calibration
measurements above edges of the sample, we inferred d¼ 119.0±3.4 nm
and Is¼ 671±18mA (see Supplementary Note 3). (c) Linecut extracted
from b (markers), together with the theoretical prediction (solid lines) for a
Bloch (red), a left-handed Néel (blue) and a right-handed Néel DW (green).
The shaded areas indicate 1 s.e. uncertainty in the simulations (see
Supplementary Note 5). Scale bar, 200 nm.
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above the wire, with iso-B contours corre-
sponding to BNV = T0.7 and T1.5 mT. The field
exhibits local maxima above the edges of the
wire, but also along a line across the wire: this is
the signature of a single DW. In such perpen-
dicularly magnetized samples, the stray field is
generated near regions of abrupt magnetiza-
tion changes—that is, above the edges or DWs
(22). By fitting the data to micromagnetic cal-
culations (Fig. 1D), the spatial position profile
yDW = f(x) of the DW can be extracted with a
standard error ≈30 nm in the y direction (22).
Here, the DW is found to be nearly straight, with
a 3° tilt with respect to the x axis (black line in
Fig. 1B).
For an ideal magnetic sample, the DW should

be straight and perpendicular to the wire axis to
minimize the DW energy. However, the presence
of structural or fabrication defects locally modi-
fies the energy landscape, creating pinning sites
for the DW. To occupy a local energy minimum,
the DW is distorted. While repeating magnetic
field measurements above the magnetic wire, we
observed discrete jumps of the DW between two
pinning sites, labeled 1 and 2 in Fig. 2A. The
position profiles of the DW in each pinning site
(Fig. 2B) reveal a spatial separation ranging from
50 T 30 nm (near the right-hand edge of thewire)
to 200 T 30 nm (left-hand edge). The hopping of
the DW between the two pinning sites, driven by
thermal fluctuations, is known as the Barkhausen
effect (23–25). Movie S1 further illustrates the
observation of this effect in our experiment,
performed in zero external magnetic field and
at room temperature.
To analyze the dynamics of the hopping process,

we monitored the magnetometer signal over time
at a fixed position on the wire, above site 2 (Fig.
2A, close-up views). The resulting traces exhibit
well-defined jumps between two magnetometer
signal levels, reflecting DW hopping over an

Fig. 1. Imaging a DW in a 1-nm-thick magnetic wire. (A) Schematic of the
experimental setup. Magnetic field measurements are performed by a single
NV defect placed at the apex of an atomic force microscope tip. The
quantization axis uNV of the NV defect used in this work is characterized by
spherical angles q = 122° and f = 45°. RF, radiofrequency. (B) AFM image of
the magnetic sample, a 1.5-mm-wide Ta/CoFeB(1 nm)/MgO wire. The red
symbols indicate the magnetization direction. (C) Dual iso-B image recorded

above the magnetic wire, revealing a single DW. Positive magnetometer signal
(bright) indicates BNV = T0.7 mT, whereas negative magnetometer signal
(dark) indicates BNV = T1.5 mT. a. u., arbitrary units. (D) Data fitting with
micromagnetic calculations (22).The resulting DW profile is shown in (B) as a
black line overlaid on the AFM image. In these experiments, the probe-sample
distance is ≈110 nm, with the magnetic layer buried 7 nm below the sample
surface. The acquisition time is 50 ms per pixel.

Fig. 2. Observation of Barkhausen jumps. (A) Dual iso-B images recorded consecutively, showing the
DW in two different pinning sites, labeled 1 and 2. (B) DW position profile in each site (black lines)
extracted from data fitting with micromagnetic calculations and overlaid on the AFM image. (C)
Magnetometer signal traces showing DW hopping between the two pinning sites for three values of the
laser power. Each data point is obtained by reducing the scanning window to the black squares shown in
(A) and integrating the magnetometer signal over the dashed rectangles [see close-up views in (A)].The
acquisition time per point is 3 s.
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• Nonreciprocal spin wave channelling 
along Néel walls, edges

• DMI lifts degeneracy of azimuthal modes 
in dots

• DMI quantified using Brillouin light 
spectroscopy in experiment, sizeable 
DMI seen in Pt/Co/AlOx
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TABLE I. Magnetic parameters obtained from the best fits of
BLS results with the model described below, using the saturation
magnetization from magnetometry and g = 2.17. The absolute values
of Deff and Ds are given.

µ0Hsat µ0HKeff

t µ0Ms MOKE BLS Deff Ds

(nm) (T) (T) (T) (mJ/m2) (pJ/m)

0.6 1.38 0.95 1.03 2.71 ± 0.16 1.63 ± 0.1
0.8 1.48 0.82 0.87 2.18 ± 0.25 1.75 ± 0.2
0.9 1.51 0.75 0.68 1.88 ± 0.08 1.69 ± 0.07
0.95 1.68 0.51 0.36 1.76 ± 0.24 1.67 ± 0.23
1.2 1.71 0.10 0.11 1.57 ± 0.18 1.88 ± 0.22

ultrathin Co layer, whereas the AlOx cap layer is thought
to only induce perpendicular anisotropy. All experiments
have been performed at room temperature. Magnetometry
[alternating gradient force magnetometer (AGFM) and super-
conducting quantum interference device (SQUID)] has been
used to measure the hysteresis loops of the samples, with
the field applied perpendicular to the sample plane, and to
determine the magnetization at saturation Ms. For the thicker
samples, Ms is similar to that of the bulk Co while that for
the thinnest film is significantly smaller but remains in the
range measured by Metaxas et al. [26] (Table I). The polar
magneto-optical Kerr effect (p-MOKE) has been used to obtain
the hysteresis loops with the magnetic field applied along the
normal and in the plane of the sample (as shown in Fig. 1). The
Kerr rotation at saturation is deduced from the hysteresis loops
obtained with the field applied perpendicular to the plane. This
amplitude signal is then used to normalize the measured Kerr
rotation while the field is applied in the sample plane (Fig. 1).
The normalized signal is ∼ 1 for all the samples, ensuring a
macrospin behavior during the magnetization reversal, and the
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FIG. 1. (Color online) Polar MOKE magnetometry for
Pt/Co(t)/AlOx samples of different thicknesses t . Left panel:
Experimental (symbols) and fitted (red bold line) hysteresis loops
of the perpendicular component of the magnetization vs in-plane
applied magnetic field for the t = 0.8 nm sample. Right panels:
Hysteresis loops of some representative samples for fields applied
perpendicularly to the sample plane.

effective anisotropy fields are then obtained from the hysteresis
loops by fitting with the Stoner-Wohlfarth model [27]. The
obtained values are summarized in Table I. All samples
exhibit a perpendicular magnetic anisotropy that increases with
decreasing Co thickness.

Brillouin light spectroscopy (BLS) gives access to SW
modes with nonzero wave vectors. The SW in the film
inelastically scatter the light from an incident laser beam.
The frequency shift is analyzed using a 2 × 3 pass Fabry-
Pérot interferometer, which typically gives access to a 3–300
GHz spectral frequency range. For the used backscattering
study, the investigated spin-wave vector lies in the plane of
incidence and its length is ksw = 4π sin(θinc)/λ (with θinc the
angle of incidence and λ = 532 nm the wavelength of the
illuminating laser). Therefore, it can be swept in the 0–20
µm−1 interval through the rotation of the sample around a
planar axis. The magnetic field was applied perpendicular
to the incidence plane, which allows spin waves propagating
along the in-plane direction perpendicular to the applied field
to be probed [Damon-Eshbach (DE) geometry]. For each angle
of incidence, the spectra were obtained after counting photons
up to 15 h (especially for the highest incidence angles) to
have well-defined spectra where the line position can be
determined with accuracy better than 0.1 GHz. The Stokes
(S, negative frequency shift relative to the incident light as
a SW was created) and anti-Stokes (AS, positive frequency
shift relative to the incident light as a SW was absorbed)
frequencies were then determined from Lorentzian fits to the
BLS spectra. In the following, as we refer to the properties of
the SW, fS denotes the absolute value of the Stokes frequency,
and wave vectors along that of the photons are counted
positive.

The BLS measurements were performed with the mag-
netization saturated in the film plane under magnetic fields
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FIG. 2. (Color online) BLS spectra measured for
Pt/Co(1.2 nm)/AlOx at two different applied field values
µ0H = 0.4 T (−0.4 T) in blue squares (red circles) and at four
characteristic light incidence angles corresponding to ksw = 18.09,
15.18, 8.08, and 4.1 µm−1. Symbols refer to the experimental data
and solid lines are the Lorentzian fits.
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